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Tolopluino  oommunioations  faoilitios  aro  looatod  across  (ho  ontin-  oontimions  Unitod 
States,  and  a signifioant  portion  of  Ihoso  faoilitios  aro  in  soismioally  aotivo  rojtions.  In 
order  to  maintain  a high  reliability  at  a roasonabh*  earthquake  protection  cost,  it  is  im- 
fH'rativo  that  a realistic  equipment  seismic  test  environment  lie  developed. 

In  this  paper  a procedure  is  described  for  determining  an  earthquake  ti'st  environ- 
ment which  includes,  i)  the  in-building  response  characteristics  of  a broad  range  of  tele- 
phone buildings  subjected  to  earthquake  excitations  of  Modified  Mercalli  Intensity  VI  to 
IX.  ii)  the  variation  of  earthquake  hazard  across  the  country,  and  iiil  building  amplifica- 
tion of  free-field  ground  motions. 

The  earthquake  hazard  is  related  to  the  test  environment  througli  regional  intensity 
or  acceleration  contours  that  resulted  from  a separate  microzonation  study.  Building 
amplification  is  determined  by  exaniinatiiin  of  a large  collection  of  data  recorded  during 
the  San  Fernando  earthquake  of  1971. 

Two  test  simulation  teehniques  are  described  and  compared,  i.e.,  the  "sweep-sine" 
and  "synthesized  earthquaki'”  methods.  Ideally  earthquake  motion  employed  for  equip- 
ment testing  on  shakers  should  satisfy  all  or  most  of  the  following  requirements  in  order 
to  achieve  a good  simulation,  that  is.  the  maintenance  of  the  resemblance  of  the  aj'pear- 
anee  of  wave  forms,  and  the  matching  iif  response  spectra,  peak  acceleration,  peak  vek'c- 
ities,  and  durations.  The  synthesized  waveform,  which  generates  test  table  motion  via  a 
d-a  converter  and  a hydro-control  .system  according  to  a digitally  generated  artificial 
earthquake  accelerogram,  is  cho.sen  Ix'cause  of  its  definite  advantages  over  the  sweep-sine 
in  almost  every  item  considered. 

•A  shaker-table  application  of  the  test  procedure  for  communications  switching  equip- 
ment is  describi'd.  The  seismic  reliability  of  the  equipment  in  terms  of  the  test  results 
and  its  relation  to  equipment  eartluiuake  survivability  and  protection  requirements  are 
diseus.sed  in  detail. 
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AN  ALTERNATE  APPROACH  TO  MODAL  DAMPING 
AS  APPLIED  TO  SEISMIC  SENSITIVE  EQUIPMENT 


L.  A.  Bergman  and  A.  J.  Hannibal 
Lord  Kinematics,  Erie,  Pennsylvania 


Damping  has  been  shown  to  be  an  extremely  important  parameter  in  the  response  of 
dynamic  systems  subjected  to  random  vibrations,  such  as  earthquakes.  Therefore,  its 
mathematical  representation  and  treatment  become  critical  elements  in  the  analysis  of 
such  systems,  especially  if  the  Spectral  Method  is  utilized.  Unfortunately,  damping 
models  commonly  used  today  either  do  not  adequately  represent  system  damping  or 
are  mathematically  cumbersome.  The  method  described  in  this  paper  is  both  simple 
and  accurate,  obviating  much  of  the  experience  and  judgment  normally  required  in  the 
definition  of  modal  damping  factors. 

Damping  models  presently  in  vogue  are: 

1.  Viscous  Damping— Here  the  dissipative  element  is  assumed  to  be  a linear  func- 
tion of  velocity.  The  damping  coefficients  are  difficult,  if  not  impossible,  to 
define  and  the  system  cannot  normally  be  decoupled. 

2.  Modal  Damping— In  this  case,  the  undamped  system  is  decoupled  and  viscous 
damping  factors  are  defined  for  each  mode.  To  do  so  accurately  requires  ex- 
perience and  good  judgment. 

3.  I*roportional  Damping  (Rayleigh  Form)— Proportional  damping  implies  the 
damping  matrix  is  a linear  combination  of  the  mass  stiffness  matrices: 

C = OiM  + PK.  Since  both  M and  K diagonalize  simultaneously,  so  also  does 
C.  The  unfortunate  drawback  is  that  the  Rayleigh  form  does  not  realistically 
represent  the  damping  in  the  system. 

The  approach,  recommended  in  this  paper,  involves  decoupling  the  system  in  the 
complex  domain  utilizing  a complex  stiffness  approach  (structural  damping).  By  accurate 
determination  of  the  damping  in  each  system  component,  represented  in  the  form  E - 
E'(l  + jri),  the  modal  damping  factors  can  be  readily  calculated  using  a standard  complex 
eigenvalue  routine. 

Essentially,  the  stiffness  matrix  is  derived  in  the  form  K*  = K'  + jK"  yielding  damped 
equations  of  motion  given  by 


A/x  + K*x  = F. 

ITie  eigenvalue  problem  can,  then,  be  formulated  in  the  complex  domain  as 

det  \Ms^  + K*  i = 0 ; 


where  the  ith  eigenvalue, 

Sf  = +jn,). 
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contains  both  the  natural  frequency  and  loss  factor  for  each  mode.  An  equivalent  damp- 
ing factor  can  bt>  computed  for  each  mode  from  the  equation 

. 1 

f,  = • 

Consequently,  much  like  the  modal  damping  technique,  the  viscous  (“quivident,  f,,  is 
added  to  the  ith  mode.  Since  the  conversion  yields  equal  damping  at  a resonant  frequency 
for  which  a single  degree-of-freedom  acts  like  a filter,  it  is  reasonably  accurate  through 
the  region  of  greatest  interest. 

This  method  is  both  simple  and  accurate,  limited  by  the  loss  factor  representation  of 
the  dissipative  elements  in  the  system,  the  si?.e  of  the  matrix  wliich  can  be  d('coupled  in  the 
complex  domain,  and  the  broad-band  accuracy  of  the  viscous-complex  equivalence 
assumption. 

'Hie  above  procedure  is  applied  to  a scale  model  of  a high  voltage  circuit  breaker 
mounted  on  elastomeric  suspension  systems  of  various  damping  characteristics.  .Natural 
frequencies,  modal  damping,  participation  factors,  and  transmissibilities  iU'c  compuU'd  for 
each  mode,  and  the  results  are  subjected  to  spectral  analysis. 

Fabrication  of  the  scale  model  is  described,  including  application  of  damping  com- 
pounds to  the  model  to  simulate  actual  circuit  breaker  component  loss  factors.  Transmissi- 
bilities of  the  various  modes  of  the  model  are  obtained  in  shaker  test  and  are  compared 
with  the  previous  analytical  results  to  demonstrate  the  viability  of  the  analysis. 

Finjilly,  the  analytical  method  is  applied  to  a full  scale  circuit  breaker  and  the  ad- 
vantages and  disadvantages  of  auxilitu'y  elastomeric  suspension  systems  for  seismic  protec- 
tion as  applied  to  circuit  breakers  are  discussed. 


THE  SHOCK  ENVIRON.MENT  OF  A FREK5HT  TRAIN  DERAIL.MENT 

William  W.  Wassmann  and  John  H.  .\rmstrong 
Naviil  Surface  Weapons  Center,  White  Oak,  Maryland 


Direct,  reportable  damage  costs  to  railroad  property  due  to  equipment-caused  freight 
train  derailments  in  the  U.  S.  amount  to  $30  million  per  year;  totiil  costs  including  damage 
to  lading,  delays,  etc.,  are  estimated  to  be  from  $90  to  150  million  per  year.  The  largest 
.single  contributor  to  these  accident  costs  is  axle  failure  from  overheated  journal  bearings 
(“hot  boxes”)  not  detected  in  time.  In  addition,  some  derailments  cau.sed  by  whi'el.  rail 
or  other  defects  initially  involve  only  a single  axle,  truck  or  car,  but  go  undetected  for 
many  miles  until  a general  pile-up  results  when  a grade  crossing,  or  turnout  is  em'oun- 
tered.  'Die  severity  of  such  derailments  may  be  reducc'd  by  a loc;il  derailment  detector  or 
“wheel-on-the-ground  sensor.” 

The  Naval  Surface  W't'apons  Center/White  Oak  Laboratory,  after  conducting  a fi'asi- 
bility  study  in  1972/73,  has  embarked  on  a two-year  program  for  the  Federal  Railroad 
.Administration’s  Office  of  Research  and  Development  to  develop  an  on-train  System  for 
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Train-Accident  R»,>xUction  (STAR).  This  system  includes  self-powered  hot  journal  sen.sors 
and  local  derailment  detectors  which  actuate  the  existing  air  brake  system.  It  will  be  in- 
stalled for  test  on  a 124-car  unit  ore  train  of  the  Duluth,  Missabe  and  Iron  Range 
(DM&IR)  Railway  Company, 

This  paper  will  describe  the  establishment  of  design  criteria  for  a seismic  local  de- 
railment detector  based  on  the  measured  environment.  In  November  1974,  derailment 
tests  were  conducted  on  an  instrumented  DM&IR  70-ton  ore  car.  The  purpose  of  the 
tests  was  to  determine  acceleration  and  velocity  thresholds  which  could  be  used  to  iden- 
tify a derailment  condition.  A total  of  12  tests  were  conducted  to  measure  the  shock 
effects  of  a wheel  impacting  the  roadbed,  in  an  empty  car  vs  a loaded  car  and  at  the 
“field-side”  wheel  location  (where  the  flange  side  of  the  wheel  drops  from  the  outside 
of  the  rail)  vs  the  “gauge-side”  location  (where  the  tread  of  the  wheel  drops  from  the 
inside  of  the  rail).  Also  investigated  were  effects  of  train  velocity  and  of  the  wheel’s 
impact  point  with  respect  to  cross  ties. 

Acceleration  measurements  were  also  made  during  normal,  over-the-road  operations 
on  both  the  empty  and  loaded  cars,  as  well  as  during  loading,  unloading  and  coupling 
operations.  All  acceleration  measurements  were  made  on  the  unsprung-mass  portion  of 
the  trucks. 

It  was  determined  that  a combination  of  acceleration  and  velocity-change  thresholds 
exists  which  can  be  used  to  uniquely  define  a derailment  signature.  The  analysis  of  data 
from  these  tests  has  led  to  the  development  of  a seismic  detector  with  an  acceleration 
threshold  determined  by  a preloaded  spring  and  a velocity  threshold  established  by  means 
of  the  distance  of  travel  prior  to  actuation. 


THE  DEVELOPMENT  OF  A GENERALIZED  IMPACT 
RESPONSE  MODEL  FOR  A BULK  CUSHIONING  MATERIAL 

Don  McDaniel 

U.  S.  Army  Missile  Command 
Redstone  Arsenal,  Alabama 


and 

Richard  M.  Wyskida 

The  University  of  Alabama  in  Huntsville 
Huntsville,  Alabama 


SUMMARY 

This  paper  discusses  the  results  of  a research  effort  that  was  conducted  to  formulate 
a valid  model  of  impact  response  for  bulk  cushioning  materials.  Temperature  was  of  par- 
ticular concern  in  the  mcjdel  in  that  tem|X’rature  effects  liave  been  sliown  to  posse.ss  a 
significant  effect  on  impact  response.  It  was  postulated  that  viscoelastic  theory  could  be 
utili/<‘d  to  formulate  a model  of  impact  respon.se  that  incorporates  temperature  ('ffecis. 
Tlie  current  design  practice  for  predicting  impact  resptnise  is  predicated  i>n  dynamic 
cushioning  curves  which  do  not  account  for  temperature  I'ffects  on  impact  response. 
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A model  of  impact  response  that  accounts  for  temperature  effects  was  expected  to  im- 
prove the  predictability  of  cushioning  systems. 

The  construction  of  the  impact  response  model  for  cushioning  materials  at  varying 
temperatures  required  the  development  of  a functional  relationship  of  the  variables.  The 
required  relationship  can  be  expressed  mathematically  as; 


G = 
where 

F{Og,  T,  e,  h) 

G = 

acceleration  G-level 

o*  = 

static  stress  in  psi 

T = 

thickness  of  cushion  inches 

0 

cushion  temperature  in  °F 

h 

drop  heiglit  in  inches. 

The  relationship  of  each  independent  variable  (a^,  T,  0,  h)  and  its  effect  upon  the  depend- 
ent variable  (G-level)  was  studied  and  the  finalized  relationship  for  each  independent  vari- 
able was  then  incorporated  into  the  model. 

The  model  development  process  proceeded  through  many  iterations  of  development 
and  verification  and  culminated  in  the  General  Model  of  impact  response  stated  mathe- 
matically as 


G = Cn 


t 

(i=o 


R 

L 


N 


M 


rp(l/2  + k)L-, 

k=0  * 


1 = 0 


StatisticEil  results  indicate  that  the  model  reliably  predicts  impact  response  in  terms  of 
G’s  experienced  by  the  protected  item. 

Once  a valid  model  of  impact  response  was  developed,  it  could  be  used  as  the  basis 
of  a procedure  that  performs  a constrained  sequential  search  for  the  preferred  material 
thickness  for  a specified  fragility  level.  The  technique  searches  for  limits  of  acceptable 
G-level  values  along  the  dynamic  cushioning  curves.  The  search  routine  has  been  auto- 
mated and  the  output  is  in  the  form  of  plots  of  superimposed  dynamic  cushioning  curves. 

Tlie  developed  model  has  been  found  to  be  a better  predictor  of  impact  response 
than  the  dynamic  cushioning  curves  currently  being  utilized.  The  inclusion  of  the  temper- 
ature effect  appears  to  be  the  primary  cause  for  the  increased  precision  in  impact  response 
prediction.  An  automated  optimization  is  being  provisioned  with  these  models  for  sevenU 
of  the  frequently  used  bulk  cushioning  materials  and  the  automated  design  procedure  will 
b*»  made  available  for  use  to  designers  of  bulk  cushioning  systems. 
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BARREL  TAMPED  EXPLOSIVELY  PROPELLED  PLATES 
FOR  OBLIQUE  IMPACT  EXPERIMENTS 

F.  H.  Mathews,  B.  W.  Duggin 
Sandia  Laboratories,  Albuquerque,  New  Mexico 


The  use  of  explosively  driven  rotating  flyer  plates  for  high  velocity  impact  experi- 
ments at  shallow  angles  was  described  in  the  45th  Shock  and  Vibration  Symposium.  The 
detonation  of  a solid  explosive  is  used  to  accelerate  massive,  slowly  rotating  plates  to  high 
velocities.  The  device  to  be  impacted  is  positioned  at  a distance  along  the  flight  path  suf- 
ficient to  allow  rotation  of  the  flyer  plate  before  impact.  Thus,  any  angle  between  the 
plate’s  surfaces  and  the  plate  velocity  vector  can  be  obtained. 

In  this  paper,  the  addition  of  a massive  barrel  surrounding  the  explosive  with  the 
detonation  normally  incident  on  the  plate  improves  energy  transfer  between  explosive 
and  plate.  Data  from  smctll  experiments  in  combination  with  one-dimensional  analysis 
allows  prediction  of  velocity  as  a function  of  plate  thickness  for  geometrically  similar 
systems.  Methods  are  described  for  fireball  suppression,  fragment  control,  and  experi- 
ment protection  which  are  essential  for  oblique  impact  experiments  on  full  size  fuzing 
hardware.  Results  are  presented  from  several  large  experiments  including  a 190  kg  ex- 
plosive system  which  propels  a rotating  11  kg  aluminum  plate  at  a velocity  of  3700 
meters/sec. 


ESTIMATION  OF  SHIP  SHOCK  PARAMETERS  FOR 
CONSISTENT  DESIGN  AND  TEST  SPECIFICATION 

Gary  C.  Hart  and  T,  K.  Hasselman 
J.  H.  Wiggins  Company 
Redondo  Beach,  California 

cuid 

W.  N.  Jones 
Naval  Weapons  Center 
China  Lake,  California 


The  need  to  characterize  recorded  ship  shock  data  for  use  in  design  and  test  consti- 
tutes one  of  the  reasons  for  conducting  full  scale  shock  tests.  The  characteristic  piiram- 
eters  which  one  specifies  and  proceeds  to  numerically  quantify  are  functions  of  the 
underlying  approach  or  philosophy  used  in  design  and  test  practice.  Therefore,  a funda- 
mental, and  most  important  decision  must  be  made  on  which  characterization  procedure 
is  to  be  used  for  analyzing  the  shock  data. 

This  technical  paper  presents  the  application  of  a procedure  which  amJyticiilly  rep- 
resents the  shock  as  a time-modulated  nonstationary  stochastic  proce.ss  witn  a time  varying 
mean.  The  parameters  which  must  bo  quantified  for  such  a representation  are  the  shock’s 
mean  value  function,  time-modulating  function  and  power  spectral  density  function.  These 
parameters  are  defined  in  the  paper.  Utilizing  actual  measured  .ship  shock  data  the 
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parameters  are  estimated  by  statistical  methods  of  analysis.  Results  from  different  digital 
data  processing  techniques  are  presented  to  show  their  influence  on  the  final  parameter 
estimates.  The  results  from  this  part  of  the  atnilysis  enable  digitally  simulated  test  func- 
tions to  be  generated  for  use  in  stock  tests. 

ITie  paper  goes  on  to  demonstrate  how  the  previously  defined  characterization  pa- 
rameters can  be  utilized  in  the  development  of  probabilistic  shock  spectra.  Probabilistic 
spectra  are  developed  using  the  parameter  values  estimated  from  the  ship  shock  data. 
These  spectra  are  then  compared  with  standard  deterministic  shock  spectra  obtained 
using  the  original  shock  records,  and  with  peak  component  response  data  from  the  same 
test.  The  application  of  all  three  types  of  spectra  to  ship  shock  design  is  discussed. 


STRESS  WAVE  APPROACH  TO  THE  ANALYSIS  OF 
SUBMARINE  COMPONENT  SHOCK  RESPONSE 

J.  D.  Colton  and  J.  E.  Malinak 
Stanford  Research  Institute 


Survival  of  internal  submarine  equipment  is  critical  for  mi-ssion  success  under  nuele;u- 
attack.  Although  several  investigations  have  been  made  of  inteniiU  equipment  response, 
little  is  known  about  the  respon.se  of  equipment  to  the  initial  stress  waves  propagated 
througli  the  submarine  when  it  is  subjected  to  an  underwater  shock  wave.  A previous 
study  at  Stanford  Research  Institute  showed  that  high  strength  steel  holts  used  to  hard 
mount  mock  comixinents  to  a simple  structure  can  fail  under  the  sudden  di.splacement 
of  the  structure  associated  with  the  initiid  stress  waves  propagated  through  it.  The  objec- 
tive of  the  pre.sent  study  is  to  determine  if  similar  component  damage  is  inflicU'd  on  a 
submerged  submarine.  A combined  experimental  and  theoretic;U  approach  was  taken. 

In  the  experimental  part  of  the  study,  6-inch-diameter,  0.040-inch-thick,  3-loot-long, 
stainless  steel  cylinders  were  sealed  at  the  ends  and  tested  underwater.  Simple  cylinders 
as  well  as  cylinders  with  0.038-inch-thick  horizontal  decks  spanning  the  cylinder  diameter 
were  used.  In  some  tests  both  edges  of  the  deck  were  rigidly  attached  to  the  cylinder 
walls  (fixed  deck);  in  other  tests  there  was  a gap  of  about  0.015  inch  bi'tween  the  deck 
and  the  cylinder  (free  deck;  the  deck  was  then  supported  by  styrofoam  blocks).  This 
free  deck  configuration  more  accurately  simulates  the  slip-joint  configuration  in  subma- 
rines. The.se  structures  were  loaded  by  underwater  shock  waves  generated  by  bundles  of 
from  8 to  16  strands  of  80  grain/ft  primacord.  Strand  lengths  ranging  from  10  to  15 
inches  were  placed  from  1.5  to  5 feet  from  the  structures.  'Iliese  charges  firoduct'd  under 
water  shock  waves  with  a step  rise  followed  by  a constant  amjilitude  of  up  to  1000  psi, 
not  great  enough  to  cau.se  significant  structural  damage  to  a submarine.  Instrumentation 
in  these  tests  consisted  of  piezoelectric  gage  prolx's  to  mexusure  the  fnx'  field  i>ressure, 
strain  gages  to  mi'asure  the  wave  prop.agation  in  the  cylinder  and  dei'k,  and,  in  one  test, 
an  ytterbium  piezoresistive  gage  to  measure  the  interaction  pre.ssure  on  the  surface  of  the 
simple  cylinder. 

In  the  theoretical  part  of  the  study,  wave  propagation  in  the  cylinder  and  deck  was 
predu  ted  for  the  plane  strain  condition.  The  curved-wave  approximation  was  used  to 
model  the  early-time  fluid-structure  interaction,  the  Merrmann-Mirsky  .shell  equatioas 
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were  used  to  model  the  cylinder,  and  simple  one-dimensional  plate  theory  was  used  to 
model  the  deck.  The  associated  governing  equations  were  integrated  by  the  method  of 
characteristics. 

Good  agreement  was  obtained  between  the  measured  and  predicted  response  of  these 
structures  up  to  at  least  the  time  the  shock  wave  engulfed  the  cylinder.  The  overall  time 
history  of  the  compressive  strains  at  the  leading  edge  of  the  deck,  on  which  some  of  the 
internal  equipment  would  be  mounted,  were  approximately  constant  in  amplitude  for 
several  transit  times  of  a stress  wave  across  the  deck.  For  the  fixed  deck  the  wave  front 
was  rounded.  For  the  free  deck  a sharp  wave  front  was  created  by  the  impact  between 
the  cylinder  and  the  deck;  disturbances  from  waves  reflected  from  the  unloaded  side  of 
the  deck  were  also  apparent,  but  the  effect  was  only  to  reduce  the  amplitude  of  the 
strain  for  a short  time.  Although  the  strain  amplitude  generated  in  the  decks  was  always 
less  than  the  yield  strain  of  the  material  (about  0.1  per  cent),  the  corresponding  displace- 
ment for  twice  the  wave  transit  time  across  a full  scale  deck  was  as  large  as  0.5  inch;  even 
larger  displacements  are  produced  at  later  times.  Such  displacements  can  shear  large  bolts 
that  penetrate  the  deck. 

It  is  concluded  that  stress  waves  can  damage  hard  mounted  submarine  equipment 
and  that  a wave  approach  to  the  analysis  of  this  response  is  n(>eded. 


POWER  SERIES  EXPANSION  OF  THE  DYNAMIC  STIFFNESS 
MATRIX  INCLUDING  ROTARY  INERTIA  AND  SHEAR  DEFORMATION 

Mario  Paz 

Professor,  University  of  Louisville 
Louisville,  Kentucky 
and 

Lam  Dung 

Graduate  Student,  University  of  Louisville 
Louisville,  Kentucky 


The  dynamic  analysis  of  frame-type  structures  whose  members  have  distributed  mass 
is  usually  souglit  by  transforming  the  continuous  structure  into  an  approximate  discrete 
system  (1).  TTie  derivation  of  the  required  stiffness,  mass,  and  geometric  matrices  is  gen- 
erally obtained  from  static  displacement  functions.  The  process  of  discretizing  baser!  on 
the  classical  Bernoulli-Euler  theory  of  flexural  vibration  or  on  the  more  accurate 
Timoshenko  beam  theory  results  in  transcendental  trigonometric  and  hypertolic  func- 
tions (2).  Mathematical  singularities  and  the  complexity  of  these  functions  (3)  make  tlu> 
Bernoulli-Euler  or  Timoshenko  beam  theory  less  attractive  than  the  approximate  method 
of  diiscretizing. 

It  is  noteworthy  that  the  stiffness  and  mass  matrices  derived  from  the  static  displiu-ement 
functions  have  also  been  obtiuned  througti  a fx>wer  series  expansion  of  the  dynamic  stiff- 
ness matrix  based  on  Bernoulli-Euler  Ix'am  theory  (3).  The  stiffness  and  mass  matrices 
are  in  fact  the  first-order  terms  of  the  resulting  series  expansion.  St'cond-order  terms 
have  also  been  obUiined  simply  by  extending  the  series  expansion.  This  mathematical 
approach  delineates  the  range  of  convergence  of  the  series.  Hence,  it  provides  the 
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analytical  basis  to  ascertain  the  approximations  inherent  in  the  heuristic  derivation  of  the 
stiffness,  mass,  and  geometric  matrices  from  static  displacement  functions. 

The  power  series  expansion  of  the  dynamic  stiffness  matrix  based  on  the  Bernoulli- 
Euler  beam  theory  does  not  account  for  rotary  inertia  and  shear  deformation  effects.  As 
an  extension  of  previous  work,  in  the  present  paper  the  derivation  of  the  stiffness  and 
mass  matrices  is  obtained  by  expanding  in  power  series  the  dynamic  stiffness  matrix  ba.sed 
on  the  Timoshenko  beam  theory  which  includes  rotary  inertia  and  shear  deformation  The 
Timoshenko  beam  equation  may  be  written  conveniently  in  the  notation  used  by  Snowdon 
(4)  as 


^ + (na)‘*[(na)'‘oj3 -IJy  = 0 

where  fc ' is  a shearing  con.stant  depending  on  the  shape  of  the  cross-section. 


(1) 


<»4  — 


co^p 

~Ei^ 

r'^E 

K'a^G 

r2 


= 


X 


L = 2a 
/ = Ar2 


(2) 


The  dynamic  stiffness  matrix  based  on  equation  (1)  is  found  by  solving  this  equation 
and  imposing  the  pertinent  boundary  conditions  (3).  The  term  in  the  fourth  row  and 
second  column  of  this  matrix  is 


S42  = 


EI(0^  + n'^)(0^TiS  - r)0s) 
20^11^(1 -cC)  + {02  r)2)sSdr? 


(3) 


where 


{20a)2  = (na)*(oi  + i3)  + >/(na)^(o  - /J)2  + 4(na)' 


(2qa)2  = - (na)'*(a  + l})  ^(no)^(a  - p’)2  + 4(na)' 


(4) 


s = sin  OaX  S = sinh  i]aX 

c = cos  OaX  C = cosh  rjaX 

For  the  sake  of  discussion  the  dynamic  stiffne.ss  coefficient  S.42  is  exiianded  in  power 
series.  In  the  derivation,  operations  with  power  series,  including  addition,  subtraction, 
multiplication,  and  division  are  employed.  The  validity  of  these  operations  and  conver- 
gence of  the  resulting  series  was  proved  by  Knopp  (5).  The  known  expansions  in  power 
series  about  the  origin  of  trigonometric  and  hyperlxilic  functions  as  well  as  the  expansion 
of  polynomial  raised  to  a fractional  exponent  are  u.sed  and  sub.stitut.ed  into  equation  (3) 
to  obtain  after  considerable  algebraic  work  the  series  given  by  equation  (,'i) 
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2,182,950  18,900 


(a  + P)  + . 


(5) 


The  substitution  of  the  symbols  from  equation  (2)  into  equation  (5),  yields  directly 
the  dynamic  stiffness  coefficient,  S42  in  terms  of  the  geometric  and  mechanical  properties 
of  the  beam;  namely, 

= ^ 1 0977.7 m 2 CO* 

^‘‘2  140  69,854,4007;/ 


m/.2co‘2  (r\~  f E \ L ^ \ 

30  U/  \ A:'07  14,1 00 A7  \ k g) 


(6) 


It  may  Ix'  recognized  that  in  ecjuation  (6)  the  first  and  second  terms  are,  respectively, 
the  stiffness  and  mass  coefficients  which  are  obtained  from  approximate'  displacement 
functions.  The  third  term  is  a higher-order  term  involving  the  square  of  the  mass  and 
the  last  two  terms  represent  the  combined  effect  of  rot;iry  inertia  and  shear  deformation. 

It  should  be  fxiinted  out  that  the  terms  of  this  series,  with  the  exception  of  the  shear 
factor,  have  tx'en  derived  previously  in  a different  formulation  by  Prezemieniecki  (6). 

In  this  paper  the  (x)wer  series  expansion  for  all  the  terms  of  the  dynamic  stiffness 
matrix  based  on  the  'Pimoshenko  beam  theory  is  obtained  using  the  procedure  describi'd. 
/Vlso  tlie  radius  of  convergence  of  the  resulting  .seric's  is  determined  from  the  Dieorv  of 
operations  with  power  series. 


RKFERENCES 

1.  Archer,  J.  S.  “Consistent  Mass  Matrix  for  Distributed  Mass  Syalcm”  Journal  Struc- 
tural Diuision,  I’ro  ASCP;  Vol.  89,  1963. 

2.  Ilenshell,  R.  I),  and  Wiirburton,  G.  B.,  “'IVansmission  of  Vibration  in  Beam  Systems,” 
International  Journal  for  Numerical  Methods  in  Engineering,  Vol.  1,  1969. 

3.  Paz,  Mario,  “Mathematical  Observations  in  Structural  Dynamic,”  International  Jour- 
nal Computers  and  Structures.  Vol.  3,  1973. 

4.  Snowdon,  J.  C.  Vibration  and  Shock  in  Damped  .Mechanical  Systems,  John  Wiley  & 
Sons  Inc.,  New  York,  1968. 

5.  Knopp,  K.  Theory  and  .Application  of  Infinite  Series,  Blackie,  London,  1963. 

6.  FVezemieniecki,  J.  S.  “Quadratic  Matrix  Equations  for  Determining  Vibration  Modes 
and  Frequencies  of  Continuous  Elastic  Systems,”  /Voc.  .4ir  Force  1st  Conference  on 
.Matrix  .Methods  in  Structural  Mechanics.  Wright-Pat terson  .\ir  Force  Base,  Oliio. 
(Vtober  26-28,  1965.  AFFDL  TR  66-80,  1966. 


} 


10 


EFFECT  OF  PHASE  SHIFT  ON  SHOCK  RESPONSE 


Charli's  T.  Morrow 
Advanri'd  TodinoloKy  Ontor,  l>u-. 
)>:tll:Ls,  Texas 


Whereas  the  Fourier  transform,  complete  with  phase-versiis-frequency  information, 
uniquely  defines  a shock  excitation  time  history  and  the  corresponding  response  of  any 
mechanical  system,  the  shock  spectrum  does  not.  Any  pluise  characU'ristic,  compatible 
with  the  magnitude  ch;iracteristic  in  the  sense  that  it  does  not  imply  a negative  time 
delay,  can  be  assumed.  Each  choice  would  lead  to  a different  time  history.  C^oncern 
that  shock  tests  performed  at  different  laboratories  to  the  same  shock  spectrum  require- 
ment may  lead  to  different  failures  of  the  same  test  item  has  led  to  various  proposals  for 
supplementiiry  constraints  on  shock  testing.  .\t  the  45th  Shock  and  Vibration  Symposium 
a suggestion  was  made  that  a (ihase  curve  with  tolerance's  Ix'  provided  to  supplement  the 
magnitude  spectrum  and  its  tolerances. 

For  the  present  theoretical  investigation,  an  electromagneticiUly  applied  terminal  step 
function  of  acceleration  is  selected  as  a starting  point.  It  is  simpler  to  an;dyze  than  a 
terminal  peak  sawtooth,  but  it  induces  similar  responses.  A simple  iill-pass  phase  shift 
network  is  assumed  to  be  inserted  in  the  electronic  system.  This  permits  a theoretical 
investigation  of  effect  of  phase  shift  on  response  peaks  and  on  energy  absorption  by  a 
procedure  that  could  be  approximated  on  a laboratory  shaker. 

ITie  inserted  phase  shift  network  has  negligible  influence  on  the  response  trmisient 
of  a simple  resonator  and  negligible  influence  on  the  individual  response  transients  of  a 
two-degree-of  freedom  system.  But  it  does  alter  the  relative  phase  of  the  latter  ;uid 
thereby  the  timing  and  magnitude  of  the  first  maximum  of  tiu'ir  combined  envelo[)e. 

'llie  energy  absorption  in  the  second  resonator  is  also  changed.  Without  the  plucse  shift 
network,  two  transients  nearby  equal  in  frequency  start  out  approximately  opposite  in 
ph;use,  so  that  the  first  maximum  of  the  envelope  does  not  occur  until  they  have  experi- 
enced part  of  their  decay.  The  influence  of  relative  phase  shift  on  their  damage  potential 
is  greatest  when  the  damping  is  highest. 

It  is  not  clear  whether  the  study  of  phase  effects  will  lead  to  a feasible  way  of  con- 
trolling the  possible  variability  of  a shock  test  specified  in  terms  of  a sliock  spectrum  or 
reveal  some  uncertainties  the  specification  writer  must  accept.  Some  future  steps  toward 
settling  the  feasibility  problem  are  oidlined.  If,  liowever,  there  must  be  some  uncertainty 
of  effect  regardless  of  the  wording  of  the  test  specifieation,  it  is  important  to  recognize 
this.  Otherwise  shock  tests  may  be  called  upon  to  prove  things  they  are  incapable  of 
proving  about  a test  item. 
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DYNAMIC  BUCKLING  OF  SHALLOW  IMPERFECT  SPHERICAL  CAPS 
UNDER  STEP  PRESSURE  LOADS 


Cliatta  Uikshmikantham  and  Tien- Yu  Tsui 
Army  Materials  and  Mechanics  Research  Center 
Watertown,  Massachusetts 


BACKGROUND 


'Die  investigations  of  static  buckling  of  shallow  spherical  caps  have  had  a long  history, 
dating  back  to  the  e;irly  thirties  when  Mt.  Palomar  Observatory  was  being  designed.  Start- 
ing with  theoretical  work  of  Kiirman  and  Tsien,  tliey  have  progressed  through  several  dec- 
ades of  experimental  and  theoretical  work,  their  development  keeping  pace  with  the  im- 
provement of  digital  computer  capabilities.  Ref.  1,  provides  a fairly  complete  recent 
review  of  these  investigations. 

Despite  such  a long  sustained  interest  in  the  stotic  b«>havior,  it  has  been  only  recently 
the  dynamic  response  problem  has  bt'en  studied.  As  a result,  there  is  a considerable  gap 
in  the  understanding  of  the  problem,  espeihally  with  reference  to  the  unsymmetrical 
buckling  and  the  impt'rfection  sensitivity.  Also  there  has  Ix'en  no  serious  attempt  to 
correlate  the  available  theoretical  results  with  test  data. 

Recently,  a ciureful  series  of  experiments  was  performed  at  .Army  Materials  & Mechan- 
ics ReseiU’ch  Center,  Ref.  2,  and  as  a result  it  was  found  that  there  is  very  poor  correla- 
tion with  the  available  theoretical  re.sults.  Even  more  startingly,  the  test  results  invariably 
were  higher  than  the  predicted  results. 


AIM  OF  PRESENT  WORK 

The  objective  of  this  investigation  hits  been  to  undertake  a theoretical  study  of  the 
problem  including  non-.symmetric  deformations  and  initial  imperfections,  so  that  a b<>tter 
correlation  with  the  Ix'st  results  might  be  achieved. 


TE I EORETIC AL  FEATURES 


The  bulk  of  the  theoreticsU  tvsults  presented  so  far,  has  b<'cn  inviunably  based  on  an 
axisymmetric  formulation  with  the  governing  equations  being  a coupled  system  of  non- 
linear partial  differentiiil  equations  in  terms  of  time  and  the  radial  coordinate.  The.se 
equations  iire  written  in  a finite  difference  scheme  and  integrated  explicitly  or  implicitly 
with  appropriate  initial  and  lx>undary  conditions.  Such  methods  cannot  successfully  in- 
clude initial  inqH'rfections  and  the  equations  Ixhng  axisymmetric  preclude  unsymmetric 
bi'havior. 

Tile  present  investigation  deals  with  the  more  g('iieral  problem  of  unsymmetric  dis- 
placement including  initial  imperfections.  .Although  the  ecpiations  are  in  the  familiar 
form  Karman-Donnell  Equations,  they  reflect  the  fact  that  as  a second-degn'c  curve  the 
shallow  cap  could  be  paralxilic  or  spherical  and  tiuis  the  present  t'quations  are  not  written 
with  the  spherical  geometry  in  view. 
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'Fhe  solution  method  uses  a modal  representation  of  both  the  normal  displacement 
and  the  initial  imperfections  with  coefficients  being  unknown  functions  of  time.  Both 
symmetric  and  non-symmetric  terms  are  included  to  obtain  a degree  of  generality.  Biised 
on  experimental  work  on  static  behavior  of  shells  it  has  been  found  that  for  values  of 
shallow-shell  parameter  'X'  up  to  10,  axisymmetric  solution  is  valid  and  beyond  th.at  non- 
symmetrical  terms  govern. 

The  advantage  of  such  a procedure  is  twofold:  on  the  one  hand,  the  chosen  pattern 
has  relevance  to  the  observed  phenomena  and,  on  the  other,  one  can  take  into  account 
both  symmetric  and  non-symmetric  initial  imperfections  with  relative  ease. 

Based  on  a buckling  criterion  that  the  dynamic  buckling  load  corresponds  to  that 
critical  load  at  which,  for  a small  increment  in  the  load,  there  is  a very  large  increase  in 
the  response  of  the  structure,  the  dynamic  buckling  load  can  be  determined  for  a given 
shell  parameter  X and  a given  imperfection,  utilizing  conventional  methods  as  Galerkin’s 
procedure,  as  have  been  done  elsewhere,  e.g.  Ref.  3. 


HIGHLIGHTS  OF  THE  RESULTS 

'Hie  results  obtained  for  the  axisymmetric  buckling  have  shown  excellent  agreement 
with  the  test  results  of  Ref.  2,  for  X viUues  up  to  10  beyond  which  the  asymmetric  modes 
seem  to  dominate.  For  larger  values,  by  including  non-symmetric  modes  excellent  agree- 
ment (within  5%)  with  the  test  results  have  been  found. 

'Phis  is  a considerable  improvement  over  the  correlation  with  previous  results. 
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DETERMINATION  OF  DYNAMICS  LOADS  FROM 
MISSILE  MODEL  WIND  TUNNEL  DATA 

P.  G.  Bolds  and  D.  K.  Barrett 
AFFDL,  Wright-Patterson  AFB,  Ohio 


The  Air  Force  Flight  Dynamics  Laboratory  has  obtained  unsteady  pressure  data  on  a 
model  of  an  air-launched  ICBM.  The  missile  is  required  to  fly  at  high  angles  of  attack 
during  the  initial  portion  of  the  trajectory.  During  this  portion  of  the  flight,  if  Karman 
vortices  are  shed,  there  will  be  side  loadings  which  could  cause  undesirable  dynamic  re- 
sponse of  the  missile  structure. 

Wind  tunnel  tests  were  conducted  at  AEDC  on  1-5  July  and  11-22  November  1974. 

With  the  use  of  the  Air  Force  Flight  Dynamics  instrumentation  van,  unsteady  pressure 
measurements  were  made  on  a missiel  model  over  a wide  range  of  angles  of  attack  and 
Mach  numbers.  The  angles  of  attack  varied  in  increments  of  5°  from  -5  to  180°  and 
Mach  varied  from  0.3  to  1.5. 

There  were  eight  microphones  at  each  of  four  missile  model  stations  mounted  on  the 
leeward  side  of  the  model.  There  were  eight  missile  model  configurations  varying  in  total 
length  from  61.5  inches  to  78.8  inches  approximating  a 10%  scale  missile. 

Significant  dynamic  loading  occurs  when  at  any  instant  of  time  the  pressure  is  posi- 
tive on  one  side  and  negative  on  the  opposite  side  of  the  missile  and  correlation  along  a 
huger  portion  of  the  length  of  the  missile.  When  the  frequency  of  the  pressure  changes 
and  correlated  lengths  correspond  to  any  of  the  missile  free-free  modes,  then  resonance 
of  the  missile  in  bending  will  occur.  However,  since  damping  is  present  in  the  missile 
structure,  the  amplitude  or  bending  movement  response  will  depend  on  the  magnitude 

and  frequency  of  the  pressure  and  its  distribution  over  the  surface  of  the  missile.  / 

To  obtain  this  information  from  the  measured  data,  RMS  pressure  coefficients 
(AC)f^s  were  computed  thusly; 

= ^rms 

where  ( Ap)RMS  is  the  measured  dynamic  pressure  and  g = l/2pV^.  The  RMS  pressure  coef- 
ficients were  plotted  versus  0,  the  transducer  location  in  degrees  from  the  meridian.  Power 
spectral  density  (PSD)  values  were  calculated  from  the  measured  data.  The  (0,)  of  the  un- 
steady pressure  coefficients  were  computed  thusly: 

0,  = I^C,P 

AcoD 

U 
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where  oj  is  the  anguliir  frequency  {2nSfi)  and  A/',  is  the  broad  (constant  percentafte  of 
.23/',)  bandwidtli  i under  consideration,  D is  the  diameter  of  the  missile  model  and  V is 
the  measured  velocity.  Phi  was  plotted  versus  (jjDIV. 

'Hie  value  of  0,  gives  information  as  to  the  frequency  distribution  of  the  unsteady 
pressure  coefficients.  Tliis  information  is  useful  in  determining  vortex  shedding  frequen- 
cies and  ultimately  determining  potential  coupling  of  the  unsteady  air  load  with  natural 
modes  of  the  missile.  .\fter  examination  of  the  broad-band  analysis,  narrow  band  (0.1 
Hz)  analysis  of  critic;U  cases  were  performed  to  compute  the  cross-correlation  and  coher- 
ence function  both  radially  :md  longitudiiuilly. 

■\n  attempt  will  be  made  to  relate  the  natural  and  dynamics  response  frequencies 
the  model  to  a prototype  of  the  missile.  The  unsteady  pressure  of  the  model  should  be 
observed  at  frequencies  athat  are  Lp  V,„  IL,„  Vp  times  the  value  of  those  frequencies 
(Stroulnil  Number)  of  concern  on  the  full  scale  prototype,  where  L and  V are  the  length 
and  velocity  respectively. 


FEASIBILITY  STUDY  OF  AN  ACOUSTIC  COVER  FOR 
SHUTFLE  PAYLOADS 

M.  Ferrante  and  C.  V.  Stable 
General  Electric  Space  Division 

F.  J.  On 

NASA  Goddard  Space  Fliglit  Center 

Tills  paper  presents  the  analysis,  design  and  experimental  evaluation  of  a viscoelastic 
laminated  acoustic  cover  that  will  shield  sensitive  instruments  from  the  high  low’-frequency 
acoustic  environment  of  the  Space  Shuttle  payload  bay.  The  high  low-frequency  acoustic 
environment  will  result  in  a more  severe  dynamic  environment  than  that  of  current  launch 
vehicles.  Consequently,  it  is  anticipated  that  many  new  problems  in  experiment  develop- 
ment will  iurise  ;uid  that  the  use  of  existing  experiment  components  and  instruments  will 
require  qualification  for  the  Shuttle  environment.  One  method  of  circumventing  this 
more  severe  dynamic  environment  is  to  provide  protective  covers  for  sensitive  portions 
of  the  experiments.  If  this  is  accomplished  effectively,  generic  experiment  components 
can  be  used  with  a high  degree  of  confidence  in  subsequent  orbital  operation  and  devel- 
opmental costs  will  lx>  substantially  reduced.  For  this  approach  to  be  effective,  a light- 
weight protective  cover  must  be  u.sed.  This  study  provides  a cost  effective  method  of 
reducing  payload  developmental  costs  and  includes  a preliminary  design  and  experimental 
evaluation  of  a lightweight  acoustic  barrier. 

A cylindrical  configuration  using  viscoelastic  laminated  construction  was  sehvted 
Ix'cause  of  its  inherent  stiffness  and  damping.  Although  a box  configuration  was  con- 
sidered, an  order  of  magnitude  increase  in  the  cover  resonant  frequencies  is  obtained  by 
the  cylindrical  configuration.  This  maximizes  the  frequency  range  over  which  acoustic 
attenuation  is  stiffness  controlled.  High  damping  extends  the  frequency  range  of  effec- 
tive attenuation  by  preventing  large  reductions  in  the  acoustic  attenuatit)n  at  the  cover 
r<*sonafit  frequencies. 
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A cylindrical  cover  configuration  with  two  face  sheets  joined  by  a viscoelastic  shear 
layer  was  analyzed  to  determine  the  optimum  wall  construction.  The  wall  construction 
was  optimized  for  a three  foot  diameter  considering  a 500  Hertz  minimum  resonant  fre- 
quency as  a design  goal.  The  analysis  considered  aluminum,  magnesium  and  graphite 
epoxy  materials  for  the  face  sheets.  The  results  indicate  that  surface  densities  on  the 
order  of  0.25  to  0.5  Ibs/ft^  can  be  obtained  using  thin  face  sheets  with  a core  made  of 
strips  of  viscoelastic  epoxy  1/4  inch  wide  on  5 inch  centers.  Although  the  design  was 
optimized  for  a 3 foot  diameter,  the  results  indicate  that  larger  diameter  covers  are  also 
feasible. 

A three  foot  cylindrical  cover  was  designed  for  experimental  evaluation.  The  test 
cover  was  made  of  two  20  mil  aluminum  face  sheets  with  a half  inch  thick  core  of 
viscoelastic  epoxy  strips.  A surface  density  of  0.75  Ibs/ft^  was  obtained  with  an  esti- 
mated composite  loss  factor  of  0.6  and  a fundamental  resonant  frequency  of  500  Hertz. 
The  end  caps  were  fabricated  using  a conical  aluminum  face  sheet  joined  to  a flat  bulk- 
head by  viscoelastic  wedges.  A one  inch  thick  removable  fiberglass  liner  was  included 
for  absorption.  Acoustic  noise  reductions  were  estimated  considering  the  low  frequency 
portion  of  the  spectrum  to  be  stiffness  controlled  and  the  high  frequency  portion  of  the 
spectrum  to  be  mass  controlled. 

The  experimental  evaluation  of  the  acoustic  cover  was  performed  in  the  NASA- 
Goddard  Space  Flight  Center  reverberant  chamber  and  showed  excellent  agreement  with 
predicted  noise  reductions.  Two  configurations  were  tested:  one  with  the  fiberglass  liner 
and  one  without  the  fiberglass  liner.  The  test  cover  was  instrumented  with  8 internal 
microphones  and  9 accelerometers.  The  acoustic  spectrum  was  shaped  to  that  predicted 
for  the  Shuttle  payload  bay.  Tests  were  performed  at  overall  levels  as  higli  as  154  dB. 
Average  reductions  in  the  overall  acoustic  level  of  20  dB  and  12  dB  were  obtained  with 
and  without  the  fiberglass  liner.  In  the  low  frequency  range,  attenuations  were  on  the 
order  of  20  to  30  dB.  At  high  frequencies,  attenuations  were  increased  from  approxi- 
mately 25  dB  tc  over  40  dB  by  the  fiberglass  liner.  Minimum  attenuations  of  17  and 
7 dB  occurred  in  the  200  to  500  Hertz  range  with  and  without  the  fiberglass  liner, 
respectively. 

The  results  of  the  study  verify  the  feasibility  of  using  lightweight  acoustic  covers 
for  Shuttle  payloads  and  indicate  that  covers  larger  than  the  three  foot  test  cover  can 
be  used  effectively  to  protect  set.sitive  payloads. 


LONGITUDINAL  VIBRATION  CHARACTERISTICS  OF  THE 
SPACE  SHUTTLE  SOLID  ROCKET  BOOSTER  TEST  SEGMEm' 

D.  L.  Linton  and  J.  C.  Bartlett 
IBM  Corporation,  Huntsville,  Alabama 


Some  of  the  liquid  fueled  launch  vehicles  in  the  Saturn  program  encounter<>d  low 
frequency  longitudinal  vibration  anomalies  which  iue  called  pogo.  I’ogo  is  a stability 
problem  peculiar  to  liquid  prop<‘llant  vehicles  with  thin-skinned  tanks  which  involves 
coupling  between  structural  motions  and  the  tank  pressure  regulation  system.  .Mthough 
the  Titan  IIIC  vehicle  has  both  liquid  and  solid  propellant  motors,  the  Space  Shuttle  will 


lx?  the  first  vehicle  wlrere  tlie  liquid  motors  burn  before  the  solid  propellant  is  depleted. 

I In  the  Space  Shuttle  the  liquid  and  solid  propellant  motors  bum  simultaneously  and  of 

j speciid  interest  to  the  control  and  stability  of  the  vehicel  is  the  coupling  between  the 

' pogo  vibration  mode  of  the  liquid  motor  and  the  longitudinal  vibration  modes  of  the 

i solid  motor. 

; 'Ilie  primary  longitudinal  vibration  modes  of  interest  of  the  Space  Shuttle  Solid 

( llocker  Booster  (SRB)  involve  coupling  Ix'tween  the  rod  modes  of  the  motor  case  and 

the  thickness  sliear  modes  of  the  solid  propellant.  The  analysis  of  these  coupled  vibra- 
tion modes  is  more  complex  than  the  analysis  of  other  structural  modes  due  to  the  prop- 
I'rties  of  the  propellant.  Solid  propellant  is  a highly  damped  viscoelastic  material  whose 
elastic  moduli  are  complex  quantities  which  vary  with  temperature,  pressure,  frequency, 
;uid  strain.  The  dependence  of  the  moduli  on  the  latter  two  quantities  results  in  the  stiff- 
ness of  the  propellant  being  a function  of  the  forcing  frequency  and  the  response  deflec- 
tion. Analytical  techniques  have  been  developed  to  ajialyze  the  longitudinal  vibration  charac- 
teristics of  a solid  rocket  motor,  but  before  any  theory  can  be  accepted  it  must  be  compiu-ed 
with  test  results.  Because  of  the  difficulty  and  cost  of  a vibration  test  of  the  entire  SRB, 
a vibration  survey  test  is  planned  for  a segment  of  the  SRB.  This  paper  presents  the  ana- 
lytical techniques  that  have  been  developed  to  analyze  the  longitudinal  vibration  charac- 
teristics of  a solid  rocket  motor  and  the  analysis  of  the  longtitudinal  vibration  character- 
istics of  the  modal  survey  test  segment  of  the  SRB. 

'Fhe  analytical  technitjues  for  vibration  analysis  of  the  longitudinal  modes  of  a solid 
rocket  motor  were  develoix'd  using  the  NASA  Structural  Analysis  (NASTRAN)  finite  ele- 
ment computer  program.  Thn'e  different  types  of  analysis  from  NASTRAN  are  used. 

First  a normal  mode  analysis  is  used  to  determine  the  undamped  eigenvalues  and  eigen- 
vectors. Then  a complex  eigenvalue  analysis  is  used  to  determine  the  damped  eigenvalues 
and  eigenvectors.  Finally  a frequency  response  an:ilysis  is  used  to  determine  which  vibra- 
tion modes  can  be  excited  by  the  forcing  function  and  dso  what  the  sheiir  strain  will  be 
throughout  the  propellant  at  the  various  vibration  modes  excited.  An  iterative  procedure 
of  I’hanging  the  modulus  to  agree  with  the  ap()ropriate  value  cotisistent  with  frequency  is 
u.sed  during  the  normal  mode  and  complex  eigenvalue  analysis.  An  iterative  procedure  of 
changing  the  modulus  to  agree  witli  the  aiqiropriate  value  consistent  with  strain  is  used 
during  the  frequency  response  analysis.  I'he  purpose  of  each  of  the  three  analyses  and 
the  iterative  procedures  used  ari>  presented  in  the  paper  in  greater  detail. 

Tlu'se  analytical  tei'hnitiues  were  used  to  dt'termine  the  vibration  characteristics  of 
the  modal  survey  test  segment.  The  iterative  procedures  were  not  used  because  of  the 
limitation  of  propellant  test  data.  The  vast  majority  of  proiiellant  test  data  has  been 
determined  by  test  methods  where  the  propellant  shear  stain  was  not  a controlled  l(\st 
parameter.  The  analysis  ri'sults  show  the  vibration  modes  and  the  associated  mode 
shapes  for  the  test  segment  with  both  free-fre<>  and  fixed-free  boundary  conditions.  The 
analysis  results  also  show  which  of  these  vibration  modes  can  be  excited  by  tlu>  pri)posed 
modal  survey  test. 

The  NAS'l’RAN  finilt'  element  model  of  the  tt'st  segTuent  is  [ire.sented  in  this  paper. 
.Modal  parameter  results  from  normal  mode,  complex  eigenvalue  and  fre(|Ut'ncy  response 
analysis  are  tabulated  aiul  di.scussed.  C'otnputer  generated  mode  shape  |>lots  anil  displace- 
ment versus  fr('()uency  A'-V  plots  are  also  presented  to  supplement  the  results  from  the 
analysis. 
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A STUDY  OF  THE  DAMPING  OF  A CYLINDRICAL  TANK  PARTIALLY 
FILLED  WITH  LIQUID,  AND  APPLICAHON  TO  THE  FRENCH  LAUNCH 
VEHICLE  DIAMANT  BP4  TO  COUNTERACT  THE  POGO  EFFECT 


P.  Cochery,  M.  Vedrenne 

Centre  National  d’Etudes  Spatiale  Direction  des  Lancenrs 
Ervy,  France 

and 


M.  Poizat,  R.  Vialatoux 
Societe  pour  la  mesure  et  le  traitement  des 
vibrations  et  du  bruit,  Ecully,  France 


During  the  flight  of  liquid  propellant  launch  vehicles  many  vibration  problems  occur, 
the  main  and  more  important  one  seems  to  be  that  of  the  “POGO”  effect.  It  is  charac- 
terized by  an  unstability  involving  a low  frequency  longitudinal  vibration  mode  of  the 
vehicle  structiure,  variations  in  the  propellant  flow  rate  in  the  supply-pipes,  and  thrust 
oscillations. 

This  effect  has  been  observed  on  the  French  launch  vehicle  DIAMANT. 

This  paper  is  intended  to  show  how  it  has  been  possible  to  suppress  the  “POGO” 
effect  on  DIAMANT  launch  vehicle  using  a locally  spread  damping  technique. 

The  analysis  of  the  phenomenon  shows  that  the  tank  of  the  first  stage  plays  the 
major  part  in  the  longitudinal  vibration  mode  of  the  vehicle.  Therefore,  the  dynamic 
behaviour  of  the  tank  partially  filled  with  liquid  was  to  be  studied,  this  Ix'ing  considered 
as  the  coupling  element  between  the  structure  and  the  liquid  propellants. 

Finite  element  methods,  along  with  experimental  investigation  on  a model-tank  in 
order  to  improve  the  mathematiccU  model  of  its  dynamic  Ix'haviour,  have  been  used  to 
determine  accurately  the  characteristics  of  the  mode  involved  in  the  “POGO”  effect, 
giving  results  necessary  to  isolate  the  mode,  which  is  cylindrically  symmetrical  in  shape 
and  pressure  field  in  the  liquid,  from  other  modes  (e.g.  circumferential  ones). 

Rather  than  pressurizing  the  tank  as  in  an  actual  liquid  propellant  launch  vehicle, 
this  problem  was  solved  by  modifying  the  structure  of  the  tank.  This  was  achieved  by 
using  some  circumferential  stiffeners  in  order  to  move  the  circumferential  modes  towards 
higher  frequencies  taking  care  to  changi'  the  longitudinal  b«“haviour  of  the  tank  as  little  ;ts 
possible.  It  should  be  noted  that  pressure  transducers  in  the  liquid  were  very  helpful  in 
finding  the  vibration  mode  looked  for. 

From  previous  flight  data  relevant  to  the  rate  of  incri'a.se  in  vibration  levels,  it  has 
b*‘en  possible  to  evaluate  what  must  have  been  the  minimum  damping  factor  of  the  actual 
tank  to  prevent  the  “POGO”  effect  from  dev(>loping  and  therefore  the  level  to  which  the 
gain  of  the  feedback  loop  (structure-liquid  pro  pell  ants- pipes  and  thrust -structure)  must  be 
reduci'd. 

The  effr'ct  of  damping  on  the  model  tank  has  been  studied  from  two  points  of  view: 
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• What  could  be  obtained  by  damping  only  part  of  the  tank?  An  experimental 
investigation  and  the  computation  of  the  dynamic  behaviour  of  the  damped 
structure  were  ceirried  out  concurrently. 

• Which  process  to  choose  to  achieve  this?  The  single  viscoelastic  layer  damping 
technique  was  compared  with  the  constrained  viscoelastic  layer  damping  tech- 
nique. Both  of  these  were  tested.  Their  efficiency  and  their  technological 
problems  were  evaluated  for  this  particular  application. 

From  the  transposition  of  the  results  to  the  actual  tank  and  to  the  launch  vehicle, 
the  best  trade-off  between  the  surface  of  the  tank  to  be  treated,  the  technological  diffi- 
culties, the  increase  in  mass,  and  the  efficiency  of  the  damping  treatment,  has  been 
determined. 

The  single  layer  damping  technique  has  been  chosen  for  use  on  the  propellant  tank 
of  the  first  stage  of  the  French  launch  vehicle  DIAMANT  B P4. 

The  analysis  of  the  flight  data  obtained  during  its  launching  in  February  1975  has 
shown  that  the  process  proved  to  be  a good  and  efficient  one:  the  “POGO”  effect  was 
completely  suppressed.  The  efficiency  of  the  process  was  confirmed  during  the  launching 
of  another  DIAMANT  vehicle  in  May  1975. 


VIBRATIONS  OF  PERFORATED  PIPES  IN  FLUID 

Krajcinovic,  D.,  Department  of  Materials  Engineering 
University  of  Illinois  at  Chicago  Circle,  Chicago,  Illinois 

Chen,  S.  S.  and  Rosenberg,  G.  S. 

Components  Technology  Division,  Argonne  National  Laboratory 
Argonne,  Illinois 

In  many  design  applications  it  is  necessary  to  study  the  dynamic  response  of  a struc- 
tural component  embedded  in  fluid  and  subjected  to  various  types  of  excitations  such  as 
earthquakes,  acoustic  and  flow  noises,  etc.  In  case  of  long  and  slender  beam-like  compo- 
nents flow  induced  and  sustained  vibrations  are  even  more  important  in  view  of  possible 
instability.  Several  methods  of  suppression  of  excessive  vibrations  (including  dampers, 
helical  wires,  surface  modifications  and  shrouds)  have  been  studied  in  the  past.  The  ob- 
jective of  this  paper  is  to  present  an  analytical  evaluation  of  the  effect  of  orifices  on  the 
vibration  respon.se  and  suppression  of  instability. 

The  application  of  perforated  pipes  is  indicated  in  at  least  two  cases; 

a)  When  the  separation  of  liquid  inside  and  outside  the  pipe  is  not  required. 

b)  When  t is  used  as  a shroud. 

Those  two  cases  are  analytically  examined  in  the  pajK'r  considering  flow  to  lx*  poten- 
tial. The  motion  of  the  fluid  through  the  perforations  in  the  pipe  wall  is  governed  by 
Darcy’s  law.  For  example,  the  problem  for  case  (1)  can  be  stated  as  follows: 


20 


(1) 


v20i  = 0 

V'^02  ~ 0 


3(/.i 

602 

dr 

■ nr 

r=a 

r=a 

b<j>2 

602 

9r 

dt 

u J 


(2) 


where  <S>\  and  (j>2  are  velocity  potentials  inside  and  outside  the  pipe,  U is  pipe  velocity, 
r is  pipe  radius,  p is  fluid  density,  and  k is  wall  permeability  coefficient.  Equations  (1) 
and  (2)  can  be  solved  using  separation  of  variables. 


Under  those  assumptions  of  the  hydrodynamic  force  acting  on  the  pipe  is  derived  in 
closed  form  for  the  case  of  harmonic  excitation.  It  is  found  that  the  hydrodynamic  force 
has  two  components: 

(1)  one,  in  phase  with  acceleration,  reflecting  the  increase  in  inertia,  and 

(2)  the  other  opposing  the  motion  of  the  pip>e  and  related  to  the  damping 
mechanism. 


Both  components  of  the  hydrodynamic  force  are  derived  in  form  of  simple  formulas 
containing  fluid  density,  pipe  mass,  geometry  permeability,  and  the  excitation  frequency. 


From  the  hydrodynamic  force,  an  added  mass  coefficient  C/^j  and  an  equivalent 
viscous  damping  coefficient  Cy  are  obtained.  For  case  (1),  they  are 

2 
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and 
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where  cu  is  oscillation  frequency,  and  M is  the  displaced  mass  of  fluid.  Having  the  two 
constants,  the  dynamic  response  of  a perforated  pipe  can  be  readily  determined  using 
conventional  methods. 

In  a word,  this  paper  presents  an  analytical  study  of  perforaU'd  pipes  vibrating  in  a 
liquid.  The  results  demonstrate  that  px^rforations  can  be  effectively  used  to  supress  ex- 
cessive vibrations  of  structural  components. 
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VIBRATION  AND  STABILITY  OF  FLUID-CONVEYING  PIPES 


r 


H.  C.  Lin  and  S.  S.  Chen 
Argonne  National  Laboratory,  Argonne,  Illinois 


Lateral  vibration  of  tubes  containing  or  surrounded  by  flowing  fluid  has  received 
considerable  attention  in  recent  years.  The  dynamic  behavior  of  tubes  subjected  to  trans- 
verse loading  is  of  importance  in  designing  system  components  such  as  oil  pipelines,  heat 
exchangers,  etc.  In  particular,  the  failure  of  a tube  in  a Liquid  Metal  Fast  Beeder  Reactor 
superheater  or  evaporator  will  result  in  a violent  isothermic  sodium/water  chemical  reac- 
tion and  generate  a large  pressure  pulse.  To  evaluate  the  effect  of  this  pressure  pulse  on 
the  structural  integrity  of  the  heat  transport  system,  it  is  necessary  to  analyze  the  dynamic 
response  of  components  in  steam  generators.  Meanwhile,  the  estimation  of  the  natural 
frequencies  and  stability  limit  of  a system  is  necessary  in  designing  a highly  sophisticaU'd 
component. 

This  paper  presents  the  dynamics  of  a fluid-conveying  pipe,  clamped  at  the  upstream 
end  and  elastically  supported  at  the  downstream  end.  First,  the  governing  equations  of 
the  mathematical  model  are  presented  in  universal  dimensionless  form.  'I'he  stability/in- 
stability boundaries  of  the  system  are  then  discussed.  Finally,  an  approximate  solution 
is  presented  for  transient  response. 

The  stability  of  the  system  is  determined  using  and  exact  solution,  wliile  the  transi- 
ent response  is  solved  using  an  approximate  solution.  The  technique  is  based  on  the 
separation  of  the  original  problem  into  two  kinds  of  problems— “quasi-static”  and  “dy- 
namic” problems,  and  on  the  properties  of  the  linear  differential  operators  i))trin.sic  to 
the  equations  of  motion  and  boundary  conditions.  The  “quasi-static”  pri)l)lem  is  solved 
by  a conventional  method,  and  the  “dynamic”  problem  is  solved  by  an  eigenfunction 
expansion.  The  stability /instability  boundaries  can  be  determint'd  from  the  dynamic 
problem;  while  the  transient  response  consists  of  the  sum  of  the  solutions  of  quasi-static 
and  dynamic  problems.  Soveriil  numerical  examples  are  presenU'd  to  illustrate  the  method 
of  analysis. 

When  the  flow  velocity  is  small,  the  systi'm  performs  damped  oscillation.  .As  the 
flow  velocity  increases,  natural  frequencies  decrease  and  damping  increases;  tiie  reduction 
of  natural  frequencies  is  attributed  to  fluid  centrifugal  force  and  the  increa.se  of  damping 
is  associated  with  fluid  Coriolis  force.  As  the  flow  velocity  is  further  increased,  the  pipe 
may  lose  stability  by  buckling,  flutter,  or  both  depending  on  the  magnitudes  of  displace- 
ment and  rotational  spring  constants  at  the  end.  In  general,  the  criticiil  flow  velocity  is 
very  high;  hence  system  components  such  as  steam  generator  tubes  in  CKBItl’  (Clini'h 
River  Breeder  Reactor  Plant)  are  unlikely  to  lose  stability  in  practical  flow  velocity 
ranges. 

Designing  to  avoid  large  amplitude  motion  in  sulx-ritical  flow  velocity  ranges  and  the 
prediction  of  component  response  require  knowh'dge  of  the  dynamic  behavior  of  th(‘ 
components.  Using  the  results  presented  in  the  paper,  the  response  in  suberitical  flow 
velocity  ranges  can  readily  be  calculated.  The  method  presented  can  be  u.st'd  effectively 
to  calculate'  tht'  response  of  a system  to  an  excitation  with  an  luhitrary  initial  condition 
and  time-depend<'nt  lioundary  condition.  The  method  can  also  be  applied  to  otlu'r  non- 
conservative systems. 
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EXPERIMENTAL  LIQUID  FUEL/POSITIVE 
EXPULSION  BLADDER  DYNAMICS 


Martin  Wohltmann,  Martin  Marietta  Aerospace 
Orlando,  Florida 


An  experimental  program  is  presently  underway  at  Martin  Marietta  Aerospace, 
Orlando,  Florida,  to  1)  investigate  fuel  slosh  effects  on  the  stability  and  control  of 
the  Advanced  Strategic  Air  Launched  Missile  (ASALM),  and  2)  to  evaluate  the  per- 
formance of  two  candidate  positive  fuel  expulsion  bladder  devices. 

Due  to  general  mission  requirements,  the  ASALM  missile  executes  thrusting 
climbs,  constant  altitude/velocity  trajectories,  thrusting  or  non-thrusting  dives,  and  bank- 
to-turn  maneuvers.  As  a result,  the  acceleration  field  direction  seen  by  the  bladder-encased 
liquid  fuel  varies  over  a significant  range.  Besides  the  usual  lateral  “coffee  cup”  type 
slosh  effects,  longitudinal  “coffee  cup”  slosh  induced  by  ramjet  engine  thrust  variatioas 
causes  pitch  and  yaw  plane  perturbations.  Of  significant  interest  is  the  effect  on  stability 
of  the  non-linear  behavior  of  the  liquid  fuel  during  constant  altitude/constant  velocity 
flight  and  when  pitching  commands  exceeding  Ig  are  executed.  For  this  flight  condition, 
the  entire  fuel  mass  alternately  impacts  the  upper  and  lower  surfaces  of  the  fuel  tank. 

Slosh  testing  will  begin  July  7,  1975,  and  be  completed  in  four  weeks.  First  phase 
slosh  testing  is  limited  to  developing  dynamically  equivalent  mathematical  models  for  the 
“coffee  cup”  lateral  and  longitudinal  fuel  slosh.  Slosh  forces,  moments,  and  damping  will 
be  used  to  generate  mass-spring-damper  models.  If  time  permits,  the  impact  condition 
will  be  tested  during  Phase  I. 

A full-scale  fuel  tank  and  positive  expulsion  bladder  will  be  tested.  However,  the 
fuel  tank  will  be  fabricated  from  Plexiglass  for  ease  of  viewing  the  bladder/fluid  motion. 

Two  candidate  positive  expulsion  devices  (hereinafter  called  bladders)  will  be  slosh 
tested  during  Phase  I.  Because  of  the  life  requirements  and  extreme  environmental  con- 
ditions to  be  sustained  by  the  bladders  a materials  evaluation  study  was  conducted.  Re- 
sults of  the  study  produced  two  candidate  materials.  A nitrile/nylon  composite  bladder 
(0.032  inch  thick)  has  the  capability  of  flexing  but  not  stretching.  As  fuel  depletes,  the 
bladder  wrinkles  and  folds  due  to  external  air  pressure.  The  “pure”  nitrile  bladder  has 
the  capability  of  stretching  as  well  as  flexing.  The  empty  bladder  is  cylindrically  shaped 
and  is  10  inches  in  diameter.  As  fuel  is  introduced  into  the  bladder  it  expands  “balloon- 
like” to  fill  out  the  tank  volume.  Cycling  tests  of  two  bladders  similar  in  nature  to  the 
two  above  were  conducted  by  Bell  Aerospace  Corp.,  Buffalo,  New  York.  The  wrinkling 
bladder  tended  to  develop  pin  hole  leaks  at  three  corner  fold  points.  No  leaks  were 
developed  in  the  “balloonlike”  bladder. 

The  Pha.se  I slosh  tests,  while  not  classed  as  life  cycling  tests  per  se,  will  reveal,  due 
to  cycling  at  natural  slosh  frequencies,  any  basic  structural  weaknesses  in  the  two  l)ladder 
concepts.  If  time  permits,  life  cycling  tests  will  be  performed. 
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Tlu‘  paper  to  be  written  (with  photos)  will  include: 
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FINITE  ELEMENT  SOLUTION  OF  FLUIO-STIUJCrURE 
INTERACTION  PROBLEMS 

Erwin  A.  Schroeder  and  Melvyii  S.  Marius 
Naval  Ship  Research  and  Development  Center 
Bethesda,  Maryland 


A (»‘'ner;il  method  using  finite  elements  for  computing  natural  frequencies  of  sub- 
merged structures  was  implemented  using  a large  general  purtx)se  structuriil  analysis  digital 
computer  program  (NASTRAN). 

This  method  represents  the  fluid  and  the  structure  with  finite  elements.  Pressures 
are  computed  at  grid  points  in  tlie  lluid  and  displacements  are  computed  at  grid  points 
in  the  structure.  The  dynamic  interactions  at  the  fluid-structure  boundary  itfe  the  force 
on  the  structure  due  to  the  fluid  pressure  and  the  pressure  gradient  induced  in  tiie  fluid 
due  to  the  structure’s  motion.  The  finite  element  method  produces  a mass  matrix  and  a 
stiffne.ss  matrix  fur  the  structure  and  .similar  matrices  for  the  fluid.  These  two  matrix 
systems  an>  coupled  by  terms  due  to  the  interactions  at  the  fluid-structure  boundary. 
Natural  frequencies  are  extracted  liy  solving  an  eigenvalue  problem  for  the  coupled  matrix 
system. 

For  a fluid  of  infinite  I'xtent,  only  a iKuuided  region  is  represented  by  fluid  elements. 
The  outer  Ixnindary  of  this  region  was  represented  as  a free  surface.  It  may  also  be  rep- 
■•esented  as  a non-reflecting  Ixnindary.  However,  for  the  sample  problem  solved,  using  a 
m-reflecting  boundary  was  neither  necessary  nor  very  successful. 

To  implement  the  method  u.sing  a standard  struidural  analysis  program,  the  structure 
is  represented  by  the  usual  structural  finite  elements.  The  fluid  is  represented  using  an 
analogy  with  structural  elemnits.  Elastic  membrane  elements  are  adapted  to  represent 
the  two-dimensional  acoustic  fluid.  The  fluid-structure  interaction  is  treated  in  two  ways; 
by  a consistent  formulation  and  by  a lumped  formulation.  For  the  consistent  formulation, 
the  interaction  terms  are  computed  u.sing  modified  structural  elements.  For  tlie  lumped 
formulation,  tin'  interaction  terms  are  precomputed  and  entered  directly  into  the  matrices. 

For  three-dimensional  submi'rged  vibration  problems,  a similar  implementation  using 
a finiti’  element  structural  analysis  program  appears  possible.  .Mso,  extensions  of  this 
method  to  .solve  transient  problems  are  Ix'iiig  explored. 

.\n  applii'ation  of  the  method  was  demonstrateii  by  solving  a two-dimensional 
sample  problem.  The  results  agree  well  with  an  analytic  solution  of  the  same  problem. 
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Tlie  sample  problem  consists  of  determining  the  natural  frequencies  of  an  elastic  ring  sur- 
rounded by  an  acoustic  fluid.  The  motions  of  the  ring  and  the  fluid  are  assumed  to  be 
in  the  plane  of  the  ring.  The  analytic  solution  was  carried  out  for  both  bounded  and 
unbounded  fluid  regions.  The  frequencies  of  bending  modes  for  bounded  regions  con- 
verge rapidly  with  increasing  radius  to  the  frequency  for  an  unlx>unded  region.  The  fre- 
quency of  the  lowest  mode  for  a fluid  region  having  radius  three  times  the  radius  of  the 
ring  is  within  1%  of  the  frequency  for  the  unbounded  region.  For  higher  modes,  even 
smaller  radii  suffice. 


EXPERIMENTAL  DETERMINATION  OF  ROCKET  MOTOR 
STRUCTURAL  RESPONSE  TO  INTERNAL  ACOUSTIC  EXCITATION 

F.  R.  Jensen,  Hercules  Incorporated 
Bacchus  Works,  Magna,  Utali 


Acoustic  pressure  oscillations  in  the  combustion  cavity  of  a solid  propellant  rocket 
motor  can  impose  excessive  dynamic  loads  on  structural  components  and  attached  motor 
hardware.  The  problem  of  combustion  instability  has  concerned  the  industry  in  recent 
years  because  of  these  structural  effects.  The  Air  Force  Rocket  Propulsion  Laboratory 
at  F/dwards  Air  Force  Base  has  initiated  a program  to  develop  analytical  techniques  for 
the  prediction  of  motor  component  response  to  acoustic  pre.ssure  oscillations. 

One  experimental  task  was  included  in  the  RPL  Component  Vibration  Program  to 
provide  data  for  evaluation  of  the  analyticiil  techniques.  The  objective  of  the  task  was 
to  measure  the  response  of  a motor  to  an  acoustic  loading  that  would  simulate  an  un.stable 
acoustic  pressure  oscillation.  This  paper  describes  the  testing  setup  and  the  testing  pro- 
cedures used  to  obtain  the  motor  structural  response.  Tlie  test  results  are  also  presented 
and  discu.ssed. 

The  acoustic  excitation  was  provided  by  a cone-type  loudspeaker  placed  in  the  cen- 
terbore  of  the  motor.  An  oscillator  was  attached  to  the  loudspeaker  through  an  audio 
amplifier.  Frequency  sweeps  were  conducted  by  varying  the  oscillator  frequency  in  the 
range  from  0 to  1000  Hz.  A microphone  was  placed  in  the  combustion  cavity  to  monitor 
pressure  oscillation  amplitude.  The  microphone  was  mounted  on  a sluift  that  could  be 
moved  along  the  motor  centerline  to  map  the  acoustic  modes.  ,\n  accelerometer  was 
used  on  the  motor  structure  and  components  to  map  structural  mode  shapes.  Double- 
backed  masking  tape  was  used  to  attach  the  accelerometer  to  the  motor  and  components 
so  that  repositioning  of  the  accelerometer  would  be  fast  and  efficient.  The  u.se  of  tape 
was  found  to  be  a satisfactory  method  of  accelerometer  attachment  for  the  low  accelera- 
tion levels  encountered  in  this  test  program. 

The  motor  was  pressurized  to  .'>0  psi  so  that  the  dome  of  the  case  would  be  forced 
tuit  away  from  the  pro[M’llant  grain.  Nitrogen  gits  was  used  to  pressurize  the  motor  for 
most  of  the  testing;  liowever,  .some  studies  were  made  using  Helium  gas  in  order  to  cliange 
the  frequency  at  which  various  acoustic  modes  occurred.  Since  structural  natural  fre- 
quencies remain  constant,  variation  of  the  acoustic  natural  frequencies  simplified  the 
problem  of  separating  structunil  resonance  from  acoustic  resonatu-e  in  the  test  data. 


Two  types  of  tests  were  conducted;  1)  frequency  response,  and  2)  mode  mapping. 
The  frequency  response  tests  were  conducted  by  recording  the  accelerometer  output  on 
an  .v-y  plotter  while  the  frequency  was  varied  slowly  over  a certain  frequency  range.  The 
accelerometer  was  then  moved  to  another  point  and  the  frequency  response  test  repeated. 
By  examining  results  from  the  frequency  response  tests,  major  resonance  frequencies  were 
selected  for  mode  shape  mapping.  The  mode  shape  mapping  was  conducted  by  turning 
the  oscillator  to  a particular  frequency  and  then  moving  the  accelerometer  from  one 
structur;il  point  to  another  to  map  the  mode  of  response.  The  accelerometer  signal  am- 
plitude and  phase  were  recorded  at  each  point. 

Results  from  this  experimental  project  are  presented  by  way  of  frequency  response 
plots  and  mode  shape  plots.  The  acoustic  cavity  resonances  compare  well  with  those 
determined  previously  by  test  and  by  analysis.  No  data  were  available  for  evaluation  of 
the  structural  response  data. 


EFFECT  OF  FLUID  .MEDIUM  ON  THE 
VIBRATION  OF  AN  OPEN  SHELL 

J.  L.  Lai 

B.  F.  Goodrich  Company,  .Akron,  Ohio 


'Hie  interaction  of  a vibrating  open  shell  with  its  adjacent  fluid  medium  is  discussed 
in  this  paper.  The  emphasis  herein  is  on  the  shell  vibration  rather  than  the  sound  radia- 
tion. The  n'siilt  of  the  study  Ix'ing  reported  is  the  effect  of  fluid  and  shell  parameters  on 
the  vibratiomil  frequency  of  the  shell.  .Also,  the  estimation  of  the  frequency  of  the  .shell 
in  the  fluid  based  on  that  in  vaccuo  is  discussed. 

In  this  study,  the  structure  has  been  modeled  as  a thin,  infinitely  long,  elastic,  simply 
supported  and  open  circular  shell  with  a fluid  medium  on  both  sides.  The  shell  is  iilso 
under  tension  due  to  the  fai't  of  the  pressurized  internal  fluid.  The  fluid  is  considered  as 
linearly  compre.ssible,  irrotational  and  inviscid.  Free  pressure  boundary  conditions,  i.e. 
the  fluid  is  enclosed  by  the  soft  membrane,  ;ure  used  for  the  fluid  on  circumferentuil 
lx)undaries.  Ilie  continuities  of  the  radiiil  velocities  and  pressures  of  the  .shell  and  the 
fluid  are  used  for  the  boundary  conditions  on  the  shell-fluid  interface. 

'Hie  thin  shell  theory  in  plane  strain  together  with  the  normiil  mode  method  is  used 
to  derive  the  frequency  equation  of  the  problem.  Due  to  the  “added  mass”  effect,  the 
natural  frequency  of  the  shell  in  the  fluid  medium  co/-  is  found  to  he  less  than  that  in 
vaccuo  uJi..  'Hie  fluid  factor.  /,  which  contributes  to  the  lower  frequency  of  the  shell 
is  obtained  as 

jj,h  X //pl-'(.v)' 

where  x = R<^lcy,  H is  th<>  shell  radius,  w is  the  circular  frequency,  <y  is  the  fluid  sound 
speed,  Pf  is  the  fluid  density,  p,  is  the  shell  density,  h is  the  shell  thickness,  J and  //  are 
the  Bessel  and  the  Hankel  function,  p = utt/cv,  n is  the  mode  numlx’r  and  a is  the  shell 
extending  angle.  If  f(x)  equals  zero,  we  have  the  case  of  Ix'ing  in  vaci-uo.  In  the  low 
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frequency  range,  i.e,,  x « 1,  the  fluid  factor  becomes  frequency  and  sound  speed  inde- 
pendent, i.e. 


f(x)  = 


2pfR 

Pshp 


A concept  of  the  “generalized  added  mass,”  M^,  of  the  fluid  is  introduced  to  estimate  the 
frequency  ratio,  coy/u)y,  from 


^ = 


CJ 


V 


where  is  the  generalized  mass  of  the  shell  in  vaccuo.  A closed  form  solution  for  the 
mass  ratio  M^jM^  is  obtained  for  the  low  frequency  range  as 


Ma  ^ pH 

1 +p2 

Some  numerical  examples  are  given  to  show  the  effect  of  shell  and  fluid  parameters  on 
the  cof  and  the  frequency  ratio.  Results  show  that  the  frequency  ratio  increases,  if 
(1)  shell  extending  angle  decreases,  (2)  fluid  mass  decreases,  (3)  shall  radius  decreases, 

(4)  shell  area  mass  increases,  (5)  mode  number  increases.  Discussion  on  the  application 
of  the  results  obtained  to  the  structure  which  are  surrounded  by  the  fluid  medium  such 
as  the  sonar  dome  and  the  ship  hull  is  given.  The  application  of  the  mass  ratio  obtained 
together  with  the  existing  finite  element  computer  code  (say  NASTRAN)  to  the  estima- 
tion of  the  natural  frequency  of  the  structure  of  a complicated  geometrical  form  in  the 
fluid  is  also  discussed. 
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ACOUSTIC  AND  VIBRATION  TESTING 


SIMULATING  TACTICAL  MISSILE  FLIGHT  VIBRATION 
WITH  PNEUMATIC  VIBRATORS 

Don  G.  VandeGriff,  Weston  D.  Ayers  and  John  G.  Maloney 
General  Dynamics,  Pomona  Division,  Pomona,  California 


The  need  has  developed  for  a portable,  simple  to  use  and  low  cost  vibrator  system 
to  approximate  broadband  random  flight  vibration  for  tactical  missiles.  The  electronic 
complexity  of  these  missiles  is  such  that  thorough  functional  checkout  under  vibration  is 
required  at  the  full  missile  assembly  level  during  engineering  development.  The  engineer- 
ing checkout  facilities  at  General  Dynamics  Pomona  Division  do  not  include  large  dedi- 
cated electrodynamic  drivers  for  vibration  testing. 

When  the  test  requirement  for  simultaneous  three  axis  broadband  random  vibration 
first  arose,  the  feasibility  of  using  multiple  electrodynamic  drivers  and  a random  vibration 
controller  was  explored.  A literature  search  failed  to  reveal  any  documented  evidence 
that  such  an  approach  would  produce  either  well  controlled  or  meaningful  overall  vibra- 
tion levels  on  a test  specimen  which  is  slightly  over  one  foot  in  diameter,  nearly  fifteen 
feet  long  and  weighs  several  hundred  pounds. 

Further  evaluation  led  to  the  conclusion  that  pneumatic  vibrators  offered  the  poten- 
tial to  fulfill  the  vibration  equipment  needs.  Pneumatic  drivers  are  commercially  available 
in  various  sizes.  They  are  used  in  parts  sorters  and  grain  conveyors.  They  consist  of  a 
cylinder,  rigid  end  caps  and  a free  piston.  The  piston  is  internally  ported  to  obtain  posi- 
tive mechanical  feedback.  When  driven  by  compressed  air,  above  a threshold  of  about  20 
psi  the  piston  os<_illates  thru  its  full  stroke.  As  the  piston  strikes  the  end  cap  a very  sharp 
shock  transient  is  generated  at  a repetition  rate  of  30  to  60  Hz  depending  on  the  pneu- 
matic driver  size  and  on  the  magnitude  of  the  pressure  supply.  Additionally,  the  com- 
pressed air  supply  can  be  modulated  in  amplitude.  This  produces  a smearing  of  the  spec- 
tral content  of  the  vibration  response. 

A cut  and  try  approach  was  used  in  developing  the  pneumatic  vibrator  system  for  the 
tactical  missile  application.  After  numerous  iterations  it  was  found  that  mounting  several 
of  the  drivers  along  the  exterior  of  the  missile  produced  the  desired  responses  along  the 
airframe.  For  example  the  following  overall  rms  acceleration  levels  were  achieved  on  a 
missile  using  nine  pneumatic  drivers. 


Broadband  Response— g RMS 


Missile 

Region 

Vertical 

Horizontal 

Longitudinal 

Measurement 
Bandwidth- -Hz 

Forward  End 

6.8 

6.5 

6.5 

20  5000 

Mid-Section 

8.9 

11.2 

1.4 

20-5000 

Aft  End 

8.9 

8.7 

6.0 

20  2000 
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The  aeeeleratioii  spectral  densities  measured  on  the  airframe  during  pneumatie  vibration 
luive  the  same  genenil  shape  as  lliose  measured  in  fliglit  at  the  corresponding  locations. 
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Pneumatic  vibrators  have  provided  a means  of  producing  broadband  random  vibra-  | 

tion  to  simulate  the  flight  vibration  environment  of  tactical  missiles.  The  pneumatic  vi-  | 

brators  are  low  in  cost,  easy  to  luse  and  do  not  adversely  impact  the  missile  checkout  j 

stations.  I 

A I'HRKE  DIRECTIONAL  VIBRATION  SYSTEM 
Fred  M.  Edgington 

White  Sands  Missile  Range,  New  Me.\ico 


White  Sands  Missile  Range  (WSMR)  has  been  interested  in  three  directional  vibration 
since  19ti0.  At  that  time,  a three  directional  vibration  system  was  set  up  using  a cube  for 
tlu>  table.  The  cube  having  very  smooth  sides  was  driven  by  plates  attacluHl  to  the  cube 
by  only  lubricating  oil  at  atmospheric  pressure.  This  system  functioned  very  well  at  the 
lower  frecpiencies  but  as  the  freiiuency  was  increased,  the  force  transmitted  through  the 
oil  to  the  cube  was  drastically  reduced.  Also  as  this  was  basically  a feasibility  study, 
there  was  virtually  no  satisfactory  place  to  mount  a test  specimen  without  causing  uncon- 
trollable overturning  movements. 

In  1969,  Wylie  Laboratory  at  Huntsville,  Alabama  developed  a three  directional  set-up 
for  determining  reliability  of  radios  under  helicopter  vibration  environmetits.  The  table 
for  this  system  w’as  approximately  16"  sqiuure  and  its  motion  was  restricted  to  three  direc- 
tions by  the  use  of  flexures  having  a circular  design.  This  system  was  moved  to  WSMR 
for  additional  testing  of  radios  and  proved  to  be  a considerable  imiirovement  over  the 
first  design  in  that  hardware  eould  be  tested  in  three  directions.  The  drive  mechanism  was 
relatively  heavy  compared  to  the  table  weight  and  flexure  stiffness.  This  caused  rocking 
modes  to  occur  at  150  Hz  and  above.  Therefore,  at  frequencies  above  this,  the  accelera- 
tions on  the  table  were  not  uniform  and  good  control  of  the  test  specimen  input  could 
not  be  maintained;  particularly  when  more  than  one  test  item  was  to  be  tested.  After  an 
evaluation  of  this  system,  the  decision  was  made  not  to  use  this  system  and  to  build  one 
that  would  meet  the  WSMR  requirements. 

The  criteria  for  the  current  three  directional  vibration  system  was: 

a.  Have  no  resonance  below  500  Hz 

b.  Be  usable  to  2 kHz 

c.  Have  multiple  uses 

d.  Be  capable  of  l”  D.\  in  each  of  three  directions 

e.  Have  an  attachment  surface  of  at  least  R'  X 3' 

f.  Be  capable  of  driving  a 200  pound  I'ackage  of  10  g's 

g.  Be  isolated  from  the  floor 
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Each  of  these  criteria  were  met  and  exceeded  in  several  cases.  The  first  resonances  of  the 
drive  table  caused  by  the  horizontal  drive  couplings  is  at  780  Hz  and  the  systei^i  has  been 
excited  to  2.5  kHz.  The  system  has  been  equalized  with  no  load  so  that  a flat  .spectrum 
exists  in  the  three  directions  to  2 kHz. 

The  exciters  are  supported  by  a large  L shaped  frame  made  from  3'  X 16"  wide 
flange  which  is  boxed  in  using  l"  plate.  This  structure  was  then  filled  with  sand  to 
dampen  any  resonances  and  to  provide  more  mass  for  low  frequency  operation.  The  ex- 
citers were  purchased  with  only  6"  diameter  trunnions  and  no  bases.  To  support  the 
horizontal  shakers,  6"  thick  plates  were  clamped  to  the  trunnions  and  then  the  plates 
were  welded  to  the  main  frame.  The  vertical  exciter  hangs  from  the  multi-axis  drive  unit 
designed  and  built  by  Team  Corporation.  This  unit  allows  the  vertical  forces  of  the  ex- 
citer to  be  transmitted  through  9 cylinders  to  two  magnesium  plates.  The  lower  plate  is 
3-3/4"  thick  and  the  upper  plate  (the  test  table)  is  5"  thick.  The  9 cylinders  are  restrained 
by  the  use  of  hydrostatic  bearings  so  that  motion  is  only  in  the  vertical  direction.  This  in 
turn  restricts  the  lower  plate  to  only  vertical  motion.  The  test  table  is  held  down  by  9 
long  bolts  which  go  through  the  lower  plate  and  attached  to  the  bottom  of  the  cylinders 
to  allow  motion  of  the  upper  plate  in  any  horizontal  direction.  Hydrostatic  bearing  sur- 
faces are  built  in  between  the  two  plates.  This  also  would  allow  rotation  about  the  verti- 
cal axes  but  rotation  is  restricted  by  one  of  the  horizontal  shakers.  Two  spherical  hydro- 
static ball  joints  provide  drive  in  one  direction  and  the  rotational  restraint  while  only  one 
ball  joint  is  used  to  provide  the  motion  for  the  third  direction.  To  isolate  the  system 
from  the  floor,  five  Barry  Stable-Level  Air  Support  Units  were  used  to  obtain  a 3 Hz 
resonance. 

The  two  horizontal  exciters  can  both  be  rotated  into  the  vertical  direction  and  used 
for  driving  relatively  large  test  items  in  this  direction.  One  of  the  horizontal  exciters  can 
also  be  rotated  180°  from  its  original  position  and  attached  to  a 4'  X 6'  table  supported 
by  Team  bearings.  This  will  provide  good  use  of  the  equipment  when  it  is  not  needed 
for  three  direction  testing.  Current  planned  uses  of  the  system  are  to  reproduce  vibration 
environments  on  missile  components  and  reproduce  the  vibration  measured  on  avionic- 
equipment  in  helicopters. 


DUAL  SHAKER  VIBRATION  FACILITY 
Carl  V.  Ryden 

Pacific  Missile  Test  Center,  Pt.  Mugu,  California 


The  requirement  for  a dual  shaker  vibration  facility  was  generated  by  the  require- 
ment for  vibration  U-sting  of  the  PHOENIX  and  HARPOON  missiles  in  the  All-Up-Round 
configuration.  This  configuration  is  required  for  a more  realistic  simulation  of  vibration 
throughout  the  missile  including  the  vibration  level  zoning  for  the  section  of  the  missile. 
Also  in  the  case  of  the  PHOENIX  the  missiles  can  not  be  di.sassembled  for  sectionalized 
vibration  testing  because  of  contractual  requirements.  Two  shakers  (one  at  the  forward 
and  one  at  the  aft  section  of  the  mis.sile)  instead  of  the  customary  single  shaker  were 
needed  because  of  the  vibration  transmissibility  characteristics  through  the  w;irhead  and 
motor  sections,  and  because  of  the  different  levels  and  spectrums  rerpiired  at  the  forw;u-d 
and  aft  missile  sections.  The  transmissibility  ratio  varies  considerably  with  fre(|uency. 
The.se  are  low  frequencies  where  the  transmissibility  ratio  exceeds  one.  This  is  true  foi 
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both  direction  (from  the  aft  control  section  to  the  forward  guidance  st'ction,  and  from 
the  forward  to  the  aft  section);  however,  the  frequencies  ar“  generally  different.  At  the 
higher  frequencies  the  transmissibility  decreases  towards  zero  in  both  directions. 

Two  complete  and  independent  vibration  systems  were  utilized  including  random 
noise  generators,  equalizers,  amplifiers  and  shakers.  Since  the  signals  from  the  two  sys- 
tems are  random  and  independent  there  is  no  phase  relation  constant  (continuously  and 
randomly  changing)  between  the  two  vibration  inputs  and  their  respective  transmissibility 
through  the  missile  and  are  therefore  independently  controlled  assuming  the  .system  is  es- 
sentially linear  at  the  critical  frequencies  and  amplitudes.  The  two  shakers  were  identical 
in  order  to  reduce  set  up  complication  and  control  problems. 

Initial  check  out  was  performed  using  a “dummy”  HARPOON  missile  wliich  has  simi- 
lar over  all  dimensions  and  mass  distribution,  but  dissimilar  vibration  and  transmis.sability 
chracteristics.  This  test  consisted  of  low  level  vibration  input  (1  grms  with  a flat  spec- 
trum) to  each  shaker  one  at  a time  and  determining  the  response  at  the  other  shaker  at- 
tachment point.  No  problems  were  encountered  with  this  configuration. 

Tests  were  then  conducted  using  the  actual  HARPOON  missile.  These  tests  included: 

1.  Low  level  vibration  (1  grms— flat  spectrum)  input  to  each  shaker  one  at  a time, 
and  both  shakers. 

2.  Intermediate  level  vibration  (3  grms— Pat  spectrum)  input  to  both  shakers. 

3.  Full  level  vibration  (5  grms— flat  spectrum)  input  to  both  shakers. 

4.  Test  level  vibration  with  shaped  spectrum  input  to  both  shakers. 

Both  system  equalizers  were  under  servo  control.  When  both  shakers  were  operated 
the  vibration  was  applied  first  by  one  shaker  and  brought  up  to  level,  and  then  by  the 
second  .shaker.  Stability  was  establislu'd  within  the  response  time  of  the  servo  control. 

For  the  final  test  level  with  the  .shap(>d  spectrum  several  of  the  lower  eiiualizer  freciuen- 
cies  filters  were  switched  to  manual  control  in  order  to  obtain  the  desirini  test  spectrum 
shape. 

The  results  of  the  tests  show  a good  simulation  of  vibration  at  tire  points  monitort>d 
within  the  missile  while  controlling  each  vibration  system  by  a control  accelerometer 
mounted  on  the  respective  vibration  fixture.  Stability  was  establislu'd  within  the  response 
time  of  the  servo  control  system  and  the  vibration  h'vels  were  within  the  dynamic  range 
of  the  control  system. 
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HIGH  FRKQUENCY  VIBRATION  ANALYSIS  FOR 
INCIPIENT  FAILURE  DETECTION 


David  B.  Board 

Manager,  Diagnostics  Technology 
Boeing  Vertol  Company,  Philadelphia,  Pennsylvania 


During  research  of  state-of-the-art  diagnostic  and  prognostic  technUiues  for  potential 
application  to  helicopter  transmissions,  a new  techriUiue  for  high  frequency  vibro-acoustic 
emission  analysis  was  evaluated  on  three  transmissions  in  a regenerative  test  cell  and  on 
the  Boeing  Vertol  Spur  Gear  Research  Test  SUind.  Test  results  indicate  that  this  new 
technique  for  high  frequency  vibro-acoustic  analysis  shows  excellent  potential  for  incipi- 
ent detection  and  identification  of  faults  in  complex,  high-speed,  rotating. machinery.  Of 
the  five  bearing  and  shafting  faults  indicated  and  verified  by  teardown  inspection  during 
the  transmission  test,  only  one  was  known  at  the  outset  of  the  test  and  all  five  were  de- 
tectable through  analysis  of  test  data  without  any  need  for  baseline  information.  The 
gear  research  test  stand  evaluation  demonstrated  the  capability  to  monitor  progressive 
levels  of  gear  tooth  surface  damage  as  well  as  the  ability  to  detect  a through-the-part 
crack  originating  at  a tooth  root  and  propagating  through  the  gear  web.  This  capability 
for  IN-SITU  fault  detection  and  isolation  without  the  need  for  biuseline  data  and  with  de- 
cisions based  on  engineering  rationale  rather  than  rationalized  i)attern  recognition,  as  well 
as  the  ability  to  detect  non-debris  generating  failure  modes  such  as  cracks,  indicates  an 
important  superiority  over  the  more  classical  forms  of  low  frequency  vibration  analysis 
that  have  been  employtHl  to  date. 


ANALYSIS  OF  FATIGUE  UNDER  RANDOM  VIBRATION 


R.  G.  Lambert 

General  Electric  Company,  Utica,  NY 


A clo.sed  form  analytical  solution  has  been  derived  to  determine  tlie  aver;>ge  number 
of  stress  reversals  to  failure  in  a structural  member  which  is  subjected  to  a given  root- 
mean-square  (rms)  Gaussian  vibratory  stress.  The  relationships  are  based  on  the  com- 
monly available  reversed  bending  fatigue  properties.  All  results  utilize  Miner’s  cumulative 
damage  hypothesis. 


S = A AT'/^ 


A irpj(2  + 

ItjJI  1““1J 


where  A and  are  material  constants. 


.An  expre.ssion  relating  time  to  the  average  number  of  stress  reversals  is  al.so  given. 
Included  is  the  damage  probability  density  function  (pdf)  which  shows  that  most  of  tin- 
damage  is  done  by  stress  peaks  between  two  and  five  times  th(>  nns  stress. 
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Analytical  results  compare  favorably  with  reported  empirical  results  for  both  ductile 
and  brittle  materials.  Evaluations  of  random  fatigue  curve  constants  have  been  made  for 
several  common  materials. 


The  probability  of  failure  F(N)  as  a function  of  number  of  stress  reversals  (N)  is  also 
included  in  closed  form.  This  includes  the  case  where  the  rms  stress  or  the  material’s  re- 
versed bending  curve  is  a random  variable.  The  expression  is  given  by 


F{N)  = 


r\  r; 

- a 

L 6 

0.5  + erf  [a/6] 


which  can  be  readily  evaluated. 


The  pdf  of  number  of  cycles  to  failure  along  with  its  median  value  is  given  in  equa- 
tion form. 


Also  included  is  the  important  effect  on  fat  gue  life  of  stress  limiting.  Results  indi- 
cate that  limiting  at  two  times  the  rms  stress  level  extends  fatigue  life  by  a factor  of  13, 
three  times  rms  level  by  a factor  of  1.86,  and  four  times  rms  level  by  a factor  1.08. 

Also  included  is  a closed  form  solution,  readily  evaluated  in  terms  of  Incomplete 
Gamma  Functions,  to  predict  fatigue  life  for  materials  having  an  endurance  limit  and  for 
materials  having  a double  slope  fatigue  curve.  Numerical  examples  are  given  for  all 
expressions. 


RANDOM  VIBRATION  FATIGUE  TESTS  OF 
WELDBONDED  AND  BONDED  JOINTS 

1’.  Dandow  and  O.  Manner 
AFFDL,  VVright-Patterson  AFB,  Ohio 


Recent  inU'rest  in  joining  aircraft  structural  components  has  led  to  the  development 
of  new  manufacturing  processes.  Two  such  processes  are  the  metal  bonding  technique 
and  the  weldbonding  process,  the  latter  combines  the  processes  of  metal  bonding  and 
spotwelding.  It  is  expecU'd  that  .savings  in  manufacturing  cost  and  structural  weight  can 
be  gained  by  u.si>ge  of  these  methods.  In  order  to  further  investigate  the  possibilities  of 
these  processes,  the  Air  Force  Flight  Dynamics  Laboratory  is  conducting  several  n'.s<':irch 
and  development  programs  in  which  the  structural  properties  of  these  manufacturing  proc- 
esses are  being  studied.  One  structural  aspect  which  requirt'd  further  investigation  was 
the  structural  fatigue  due  to  random  dynamic  excitation  generally  called  sonic  fatigue. 

For  this  jiurpost*  several  experimental  programs  were  conducted  to  evaluate  the  sonic 
fatigue  properties  of  the.se  two  proces.ses. 

This  paper  (iresents  the  results  of  a series  of  random  shaker  exiienments  conductt'd 
with  li'st  articles  consisting  of  thin  beams  fastened  to  a simulated  stiffener  by  the  weld- 
bond  process  using  a so-called  spot-weld  etch  surface  preparation  treatment  and  similar 
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test  articles  manufactured  by  the  metal  bond  process  using  a metal  bond  (FPL)  etch  sur- 
face preparation.  The  test  procedure  is  discussed.  To  establish  base  line  data,  a series  of 
riveted  samples  of  the  same  basic  dimensions  were  also  tested.  Fatigue  curves  in  the 
range  of  10^  to  10®  cycles  were  established  for  skin  thicknesses  of  .032  inch  and  .040 
inch  for  each  of  the  three  joint  constructions.  Results  are  also  compared  to  fatigue  data 
obtained  elsewhere. 

The  results  of  the  tests  indicate  that  the  weldbond  samples  which  are  characterized 
by  lower  grade  bond  properties  and  higher  class  spot-welds,  failed  at  higher  stress  response 
levels  before  the  comparable  riveted  joints,  while  at  lower  stress  responses  the  fatigue  life 
was  extended  beyond  that  of  the  riveted  samples.  The  basic  fatigue  mechanism  in  all 
spot-weld  coupons  was  identical.  Fatigue  initiated  as  an  adhesive  failure  at  the  highest 
stressed  edge  of  the  stiffener  and  propagated  as  such,  until  it  reached  the  spot-welds.  Skin 
cracks  along  the  edge  of  weldspots  followed.  The  weld  cracks  eventually  joined  through 
the  skin  for  a complete  failure  of  the  test  coupon.  The  thicker  coupons  exhibited  a 
lower  fatigue  life  in  comparison  to  the  thinner  beams  at  the  same  stress  levels  due  to  the 
resulting  higher  peel  stresses  at  the  bond  edge. 

The  metal  bonded  coupons  with  the  FPL  etch  surface  preparation  exhibited  an  im- 
proved fatigue  life.  Three  basic  failure  modes  were  encountered.  The  thinner  coupons 
failed  in  the  skin  at  the  area  of  maximum  stress.  The  thicker  coupons,  which  have  higher 
peel  stresses  for  the  same  flexure  stress  levels,  showed  complete  cohesive  bond  failures  or 
partial  cohesive  bond  failure  with  a final  skin  failure,  also  complete  skin  failures  without 
bond  failures  were  encountered. 

The  adhesive  failure  in  the  weldbonded  article  distinguished  itself  by  a delamination 
from  the  metal,  while  the  cohesive  failure  of  the  metal  bonded  specimens  showed  a sejia- 
ration  within  the  bond  without  detachment  from  the  metal.  The  cohesive  separation 
propagated  at  a relatively  low  rate  even  at  high  stress  levels.  Although  these  results  are 
presently  being  supplemented  by  panel  tests  in  an  acoustic  environment,  it  can  be  con- 
cluded that  weldbonding,  despite  its  good  static  strength  characteristics,  should  be  em- 
ployed only  in  aircraft  structural  components  which  experience  very  low  vibratory  stress 
levels,  while  structures  bonded  by  the  FPL  method  indicate  an  increased  random  fatigue 
life  in  comparison  to  riveted  components. 


FATIGUE  PREDICTION  FOR  STRUCTURES 
SUBJECTED  TO  RANDOM  VIBRATION 

Paul  J.  Jones  and  William  J.  Kacena 
Martin  Marietta,  Denver,  Colorado 


Structures  subjected  to  relatively  long  term  or  repeated  random  vibration  exposure 
must  be  designed  for  fatigue.  Although  analytical  techniques  are  readily  available  to  esti 
mate  the  .structural  response  parameters  such  as  rms  and  “peak”  stresses  for  sliort  term 
random  vibration  exposures,  fatigue  life  prediction  is  primarily  limited  to  a “single  mode 
approach"  coupled  with  Minor’s  Cumulative  Daniiige  Rule.  This  paper  presents  an  exten 
sion  to  the  existing  .short  term  random  response  methodology  to  predict  the  fatigue  life 
for  multiple  degree-of-freedom  structures  with  multi-modal  response.  This  exteiuhxl  ana- 
lytical tool  is  applicable  where  the  assumption  that  the  respon.se  occurs  in  a single  and 
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predominate  structural  mode  is  no  longer  adequate  to  describe  the  response  of  complex 
structures  exposed  to  a wideband  random  excitation. 

The  technique  described  is  based  on  a finite  element  model  of  the  structural  proper- 
ties in  the  form  of  normal  modes,  natural  frequencies,  stress  transformations  (relating 
stresses  to  inertial  response),  and  stress  combinations  (to  consider  the  net  effect  of  bend- 
ing, axial  and  torsional  stresses  at  a point).  Conventional  random  vibration  analysis 
methods  are  used  to  predict  the  statistics  (in  this  case  the  rms)  of  the  combined  stress 
response  in  each  vibration  mode.  The  total  rms  stresses  are  then  determined  by  root-sum- 
squaring all  the  modal  rms  stresses,  as  would  be  done  for  short  term  random  exposures. 

The  fatigue  prediction  can  be  accomplished  as  a function  of  exposure  time  if  the 
number  of  cycles  at  each  stress  level  can  be  defined  for  all  possible  stress  levels.  To  this 
end,  a Rayleigh  Distribution  of  response  peaks  is  assumed,  and  the  basic  response  equa- 
tions are  extended  to  estimate  the  number  of  zero  crossings  in  a given  time  associated 
with  each  stress  parameter.  This  concept  leads  to  the  approximate  number  of  cycles  at 
all  stress  levels  during  the  given  exposure  time.  Structural  damage  or  fatigue  life  is  then 
estimated  based  on  conventional  S/N  data  for  the  structural  material  by  summing  the  pre- 
dicted divided  by  the  allowable  number  of  cycles  over  the  stress  levels  in  a truncated 
Rayleigh  Distribution,  as  in  Minor’s  cumulative  damage  approach. 

This  fatigue  life  prediction  technique  is  a relatively  simple  combination  of  the  ana- 
lytical tools  generally  available  in  the  fields  of  structural  dynamics,  statistics  and  fatigue. 
The  approach  is  general  enough  that  combinations  of  random  levels  and  durations  can  be 
considered.  In  addition,  there  are  no  restrictions  to  preclude  using  the  Goodman  Diagram 
approach  to  account  for  combined  random  and  steady  stresses. 

The  basic  development  of  the  fatigue  prediction  equations  for  a multiple  degree-of- 
freedom  system  are  presented  along  with  a description  of  a computer  program  written  to 
implement  the  methodology.  Throughout  the  development,  the  underlying  assumptions 
are  discussed  to  insure  that  all  aspects  of  the  approach  are  understood.  In  addition,  a de- 
tailed example  problem  is  furnished  to  illustrate  and  clarify  the  procedure.  Finally,  refer- 
ences are  cited  as  sources  of  background  information  for  a more  detailed  examination  of 
the  various  analytical  methods. 


MEAN  LIFE  EVALUATION  FOR  A STOCHASTIC  LOADING  PROGRAMME 
WITH  A FINITE  NUMBER  OF  STRAIN  LEVELS  USING  MINER’S  RULE 

G.  Philippin,  T.  H.  Topper,  and  H.  H.  E.  Leipholz 
University  of  Waterloo,  Department  of  Civil  Engineering 
Waterloo,  Ontario,  Canada 


For  the  prediction  of  fatigue  life  of  a specimen  under  cyclic  loading  with  varying 
stress  levels.  Miner’s  rule  has  been  widely  applied.  The  most  general  kind  of  nonsUi- 
tionary  loading  with  variable  stress  peaks  is  a stochastic  loading.  Therefore,  attempts  have 
been  made  to  apply  Miner’s  rule  in  such  a loading  case  too,  using  the  probability  distribu- 
tion of  the  stress  peaks  in  that  rule.  Unfortunately,  fatigue  life  predictions  mfide  in  such 
a way  were  far  from  coinciding  with  true  fatigue  life  observed  experimentally. 
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In  a first  reaction,  Miner’s  rule  was  blamed  for  the  failure  of  the  theoretical  predic- 
tions, and  many  researchers  have  made  great  efforts  in  order  to  replace  the  rule  com- 
pletely or  to  modify  it  appropriately. 

In  this  paper,  it  will  be  shown  that  the  problem  can  be  solved  in  a different  way. 
First  of  all,  it  is  proved  that  Miner’s  rule  is  sound  from  the  probabilistic  point  of  view  if 
one  assumes  that  a proper  damage  parameter  has  been  chosen  which  is  adequate  to  col- 
lect in  classes  all  equally  damaging  load  reversals.  Secondly,  it  is  concluded  that  stress 
cannot  be  such  a proper  damage  parameter  since  using  it  in  Miner’s  rule,  which  has  been 
shown  to  be  appropriate,  leads  to  results  of  fatigue  life  prediction  which  are  apparently 
erroneous.  Therefore,  the  introduction  of  a new  damage  parameter  having  the  dimension 
of  an  energy,  and  being  related  with  each  closed  hysteresis  loop  of  the  stress-strain  dia- 
gram, is  advocated.  Successful  application  of  this  new  parameter  in  connection  with  de- 
terministic loading  programmes  with  varying  stress  levels  have  eilready  been  made  else- 
where. Thirdly,  an  application  of  Miner’s  rule  together  with  the  new  parameter  to  a 
stochastic  loading  programme  is  being  made  in  this  paper  in  order  to  generate  data  for  an 
experimental  verification  which  shall  follow.  The  stochastic  programme  used  is  a simple 
one.  It  allows  to  calculate  the  damage  parameter’s  probability  distribution  by  means  of 
combinatorial  analysis  in  a way  which  is  sufficiently  transparent  for  educational  purposes. 
However,  the  procedure  used  in  the  calculations  makes  a generalisation  toward  a more 
complex  and  sophisticated  stochastic  loading  programme  possible  without  severe  restric- 
tions. 


THERMO-ACOUSTIC  SIMULATION  OF  CAPTIVE  FLIGHT  ENVIRONMENT 

W.  1).  Everett 

Pacific  Missile  Test  Center,  Point  Mugu,  California 


A test  facility  and  procedure  has  b(>en  developed  wherein  the  combined  thermal  and 
vibration  .stres;a*s  of  captive  flight  are  accurately  simulated. 

The  facility  is  ess*'ntially  a large  reverberant  acoustic  chamber  within  which  is  a 
small  tem|K>rature  chamber  or  shroud.  The  acoustic  chamber  is  a 2000  ft'-  rwtangular 
room  driven  by  two  air  modulators  with  a combined  capacity  of  20,000  acoustic  watts. 
The  temiH-ralure  chamber  is  more  nearly  a thermal  shroud  or  bag  of  thin  silicone  rubber, 
through  which  hot  or  cold  air  is  duct»>d.  The  flexibility  of  the  thermal  shroud  is  the 
novel  feature  of  the  facility.  It  contains  the  temiH'rature  conditioning  air  to  the  imminli- 
ate  vicinity  of  the  test  missile,  yet  is  transparent  to  the  acoustic  energy  which  induces  the 
vibration  in  the  missile.  The  shroud  is  supplicKl  by  a clost'd  loop  air  conditioning  system 
driven  by  a 3 II. P.  fan,  heated  by  9 KVV  heaters  and  cooled  by  a LN.2  refrigeration  coil. 

The  test  procedure  is  based  on  an  e.stimate  of  the  lifetime  flight-u.se  environment  for 
tested  missile  in  terms  of  percentage  of  life  at  various  flight  dynamic  iiressure  (ql  condi- 
tions. For  the  current  lest  program,  on  AI.M-9L  missiles,  this  «‘stimate  yields  a q range  of 
125  to  525  psf.  The  acoustic  test  inU'iisity  is  cycled  through  a sound  pressure  level  range 
corresponding  to  the  q range,  with  a represmitative  percentage  of  time  at  <>ach  simulab-d 
Cl  condition.  The  current  lest  program  c’ombines  with  this  acoustic  intensity  cycle  a tem- 
perature cycle  resc'mhiing  that  cif  MIL-STD-781 M.  In  future  tc'sls  it  is  (■xpc'ctc'd  that  the 
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temperature  cycle  will  be  based  on  the  temperatures  corresponding  to  lifetime  tj  enviroii- 
ment  of  the  missile. 

Possibly  this  technique  of  accumulating  simulated  captive  flight  time  at  stress  levels 
proportioned  to  combat  flight  use  yields  better  fatigue  rate  and  mode  data  than  normal 
captive  flight  and  more  cost  effectively. 


THE  EFFECT  OF  SIGNAL  CLIPPING  IN  RANDOM  VIBRATION  TESTING 

/Alfred  G.  Ratz 

Ling  Electronica,  Anaheim,  California 


An  important  aspect  of  wideband  random  testing  using  electrodynamic  vibration  ex- 
citers is  the  level  of  clipping  applied  to  the  random  drive  signal.  The  signal  has  a Gaus- 
sian probability-density  chcuracteristic,  and  clipping  is  therefore  very  difficult  to  avoid.  It 
may  occur  either  in  the  control  electronics  or  in  the  power  amplifier  driving  the  exciter. 
Clipping  is  especially  noticeable  and  significant  when  a vibration  system  is  ojjerated  at  its 
full  force  level. 

That  clipping  is  a significant  aspect  of  wideband  random  testing  is  evident  by  the 
fact  that  many  system  performance  specifications  specifically  define  the  acceptable  values 
permitted  of  the  peak  factor  of  the  drive  signal. 

This  paper  first  reviews  the  influence  of  the  clipping  level  of  the  drive  signal  on  the 
force  capacity  of  a given  exciter  system.  It  is  shown  that  increasing  the  clipping  level 
usually  reduces  the  output  force  that  can  be  obtained.  The  mechanism  of  how  this  oc- 
curs is  explEiined.  The  conclusion  is  reached  that  one  should  plan  to  operate  at  full  fori'e 
with  the  drive  signal  clipping  level  held  to  as  small  a value  as  is  permitted  by  the  [perti- 
nent test  specifications. 

The  specific  test  specifications  of  interest  are  those  related  to  the  statistical  |)ro|HT- 
ties  (amplitude  probability  density,  power  spectral  density)  of  the  force  and  motion  wave- 
forms at  the  output  of  the  exciter.  These  arc  in  their  turn  influenced  by  the  level  of 
clipping  of  the  exciter  drive  signal,  and  it  is  the  precise  nature  of  the  influences  of  signal 
clipping  on  the  statistics  of  the  motion  which  is  worked  out  in  this  pa[>er. 

One  important  effect  of  clipping  that  affects  the  test  is  the  way  it  modifies  the 
{Kjwer  spectral  density  (psd)  plot  of  the  original  undipped  wave.  In  dealing  with  this 
effect,  the  paper  starts  from  first  principles,  and  uses  the  techniques  of  Stieljes  and  She|)- 
pard  to  derive  the  modified  psd  plot.  The  ability  to  equalize  specimen  |)pak-notch  re.so- 
nances  for  various  clipping  levels  is  also  explored.  The  |)resentation  concentrates  on  giv- 
ing an  insight  into  (1)  the  mechanism  by  which  clipping  generates  a new  siieclrum,  and 
(2)  the  way  the  new  spectrum  influences  test  results. 

The  modified  psd  plot  is  shown  to  be  made  u|)  of  the  original  [)sd  [dot  with  a second 
|).sd  function  superimposed  on  it.  The  exact  form  of  the  second  extraneous  psd  function 
depends  on  the  form  of  the  original  ii.sd  [dot;  however,  it  has  s«>veral  general  characteris- 
tics. It  occupies  a much  wider  spwtrum  than  its  [irogenitor.  And  it  tends  to  have  signifi- 
cant spectral  com|)onents  even  at  frequencies  where  the  original  spectnnn  has  little  or  no 
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energy;  thus,  clipping  can  affect  the  ability  of  the  control  equii)inent  to  make  the  random 
signal  conform  to  a specific  test  program. 


For  example,  if  an  automatic  random  equalizer  is  used  to  control  the  psd  of  the  ac- 
celeration waveform  at  the  exciter  table,  the  extraneous  psd  function  generated  by  the 
clipping  is  in  effect  simpiy  a background  noise  spectrum  that  is  uncontrollable  by  the 
equalizer.  This  noise  spectrum  limits  the  magnitude  of  the  resonance  peak  that  can  be 
handled,  since  it  establishes  a minimum  value  to  the  psd  level  at  the  resonant  frequency. 

The  background  spectrum  usually  covers  a frequency  range  that  is  much  wider  than 
that  of  the  test  spectrum.  This  is  important  to  most  workers  in  the  field,  since  it  is  usu- 
ally desired  to  hold  the  energy  content  of  the  spectrum  outside  the  test  band  to  a very 
low  value. 

A second  important  phenomenon  arising  when  a clipped  signal  is  used,  is  the  fact 
that  the  transfer  characteristic  of  the  exciter  tends  to  “restore”  the  Gaussian  nature  of 
the  signal.  The  peak  factors  of  the  acceleration,  velocity  or  displacement  waveforms  at 
the  shaker  output  are  usually  well  in  excess  of  the  peak  factor  set  for  the  clip)>ed  drive 
signal.  The  amplitudes  of  the  motion  sigiials  exceed  the  clipping  level  “barrier”  estab- 
lished for  the  drive  signal.  The  phenomenon  has  been  widely  observed.  And  it  is  gener- 
ally understood  that  the  shaker  transfer-function  is  chiefly  responsible.  However,  the  way 
the  peak  factor  is  restored  does  not  seem  to  have  been  previously  worked  out,  and  it  is 
the  purpose  here  to  describe  the  exact  mechanism.  The  results  are  useful  when  one  is 
trying  to  quantitatively  establish  the  peak  factor  of  the  “restored”  motion  of  the  exciter 
table,  for  a given  amount  of  clipping  of  the  exciter  drive. 

The  results  of  the  investigation  into  peak-factor  “restoration,”  together  with  the 
spectral  effects  described  above,  set  criteria  for  the  peak  factor  at  which  the  drive  signal 
is  U)  be  clipped,  and  so  ultimately  have  a considerable  effect  on  the  capacity  of  a given 
system  to  perform  random  tests. 

The  theoretical  developments  lead  to  useful  formulae  which  have  wide  a|)plication. 
The  work  is  illustrated  by  a number  of  extunples,  based  on  practical  test  parameters. 
Finally,  experimental  work  verifying  the  theory  is  also  jiresented. 

! 
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IMPACT  AND  BLAST 


PREDICTION  OF  STANDOFF  DISTANCES  TO  PREVENT  LOSS 
OF  HEARING  FROM  MUZZLE  BLAST 

Peter  S.  Westine  and  James  C.  Hokanson 
Southwest  Research  Institute,  San  Antonio,  Texas 

Whenever  a gun  is  fired,  a very  intense  blast  wave  is  emitted  from  the  muzzle  with 
such  severity  that  hearing  loss  is  common  in  gun  crews.  In  response  to  this  and  other 
hazardous  noise  problems,  the  Surgeon  General’s  Office  recently  issued  M1L-STD-1474(M1) 
specifying  what  maximum  side-on  sound  pressure  levels  are  tolerable  for  different  dura- 
tions of  incident  waves.  This  new  MIL-SPEC  either  presumes  that  muzzle  blast  pressures 
and  durations  are  known,  expects  blast  pressures  and  durations  to  be  calculated,  and/or 
demands  that  blast  pressures  and  durations  be  measured  around  all  guns.  In  response  to 
MIL-STD-1474,  this  paper  presents  empirically  derived  equations  for  estimating  pressure, 
duration,  and  time  of  arrival  for  reflected  shocks  relative  to  incident  shocks  in  the  blast 
field  around  gun  muzzles. 

Both  gun  designers  and  field  personnel  share  a fundamental  question  of  where  can 
crew  members  safely  stand  for  a particular  gun  at  an  arbitrary  angle  of  elevation,  pro- 
pelling charge,  length  of  barrel,  etc.?  These  individuals  are  more  interested  in  determin- 
ing safe  standoff  distance  than  they  are  in  determining  intermediate  quantities  such  as 
pressures  and  durations.  In  response  to  their  needs,  two  groups  of  design  nomographs 
are  presented  which  permit  graphical  predictions  of  safe  standoff  locations— one  group  for 
unprotected  ears  and  the  other  group  for  ears  protected  with  plugs  and/or  muffs. 

The  basis  for  all  relationships  is  dimensional  analysis  and  then  a subsequent  curve  fit 
to  test  data.  An  extensive  range  of  weapons  is  examined  to  obtain  all  curve  fits  and 
demonstrate  the  validity  of  this  analysis.  Among  the  guns  evaluated  are  105  mm  Army 
howitzers  such  as  the  M102  with  a zone  7 charge,  the  XM204  with  a zone  5 charge,  the 
XM204  with  a zone  7 charge,  the  XM204  with  a zone  8 charge;  Naval  guns  such  as  the 
8"  15b,  6"  141,  5”/54,  5"  138,  3"/50;  and  cannons  such  as  40  mm,  20mm  M3,  20  mm 
XM197,  and  20  mm  Mark  12.  The  results  can  be  applied  for  any  of  3 different  angles  of 
gun  tube  elevation  to  any  closed  breech  gun  without  a muzzle  brake  or  fla.sh  suppressor. 

Many  different  comparisons  between  prtKlicted  and  experimentally  measured  results 
are  presented.  To  demonstrate  the  validity  of  both  nomograph  groups,  experimentally 
measured  blast  waves  are  compared  to  the  predicted  safe  standoff  positions  lu'ound 
XM204  howitzers  with  different  propelling  charges  and  gun  tube  elevation  angles.  Other 
successful  comparisons  are  between  predicted  and  experimentally  observed  pressures, 
durations,  and  times  of  arrival.  This  paper  closes  with  recommendations  for  (‘.xtending 
the  solution  to  recoilless  rifles  or  open  breech  guns,  and  indicates  how  the  procedure 
could  be  extended  to  closed  breech  guns  with  muzzle  brakes  of  various  efficiencies. 
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DYNAMIC  RESPONSE  OF  THE  HUMAN  BONY  THORAX 
TO  FRONTAL  IMPACT 

Paul  H.  Chen 

TRW  Systems  Group,  Redondo  Beach,  CA 


Thoracic  injuries  play  an  important  role  in  traffic  deaths.  Most  of  the  severe  thoracic 
injuries  in  vehical  collisions  appear  to  be  caused  by  a direct  blow  to  the  chest.  Clinical 
studies  reveal  that  the  severity  of  the  trauma  depends  larttely  upon  the  injury  pattern,  lo- 
cation and  number  of  injuries.  These  in  turn  depend  sifjnificantly  upon  the  pulse  shape, 
magnitude,  duration  and  spatial  distribution  of  the  input  forcing  function  as  well  as  struc- 
tural characteristics  of  the  bony  thorax.  There  appears  to  be  a direct  mechanical  link  be- 
tween the  input  force/acceleration  field  and  the  resulting  injuries. 

Cardiovascular  rupture  and  other  thoracic  complications  in  gi'iieral  are  directly  at- 
tributable to  multiple  rib  fracture  wounds.  In  spite  of  the  relative  importance  of  the  tho- 
racic skeletal  injuries,  almost  no  analytical  work  pertaining  to  the  dynamic  response  of 
the  thoracic  skeleton  to  impact  is  available  in  the  literature  of  the  present  time.  Most 
current  research  is  either  experimentally  or  clinically  oriented.  The  experimental  and  ana- 
lytical efforts  are  both  necessary  for  the  understanding,  and  the  prevention  of  fatal  tho- 
racic injuries.  This  paper  is  focused  on  the  analytical  aspect  of  the  problem. 

A three  dimensional  finite  element  structural  dynamic  model  (THORAX  11)  of  a 
midsagittally  symmetric  human  thoracic  skeleton  has  been  developed.  The  (irimary  force 
transmitting  skeletal  members  (costae,  vertebral  column,  sternum),  and  the  inertia  effects 
of  the  thoracic  and  abdominal  viscera  as  well  as  of  the  head  and  neck  are  represented. 

The  detailed  anatomical  geometry  and  cross  sectional  ()roperties  of  all  elements  mea.suri>d 
experimenUtlly  are  included.  Bone  and  cartilage  are  idealized  as  linear  elastic  materials, 
and  small  deformation  is  assumed. 

The  complete  system  consists  of  27  components  or  substructures  and  110-1  degrees 
of  freedom.  The  finite  element  and  component  mode  synthesis  solution  techniques  were 
employed  to  analyze  the  response  to  an  anteroposterior  directed  impact  forcing  function. 
This  force  was  modeled  as  an  equilateral  triangular  pulse  of  40  ms  duration  and  1200  lb 
peak  force,  and  is  distributed  at  24  frontal  chest  nodes  located  within  a 6"  diameter  circle 
centered  at  the  midsternal  line  and  in  the  third  interspace.  Seventy-seven  normal  modes 
(frequency  ranges  from  6.25  to  317  Hz)  and  sixty-nine  boundary  modt's  were  selected  for 
final  system  synthesis.  Displacement,  internal  forces  and  stresses  were  cominited  for  a 
total  of  40  ms,  using  the  IBM  360  computer.  Potential  fracture  sites  along  costae  and 
sternum  were  located.  The  results  comi)ared  favorably  with  available  experimental  data. 

The  motion  of  the  frontal  chest  consists  of  a (+Y)  rigid  body  roUition  about  the 
sternal  angle  and  an  (-X)  anteroposterior  (A-P)  disi)lacement.  The  A-P  disi)lacement  of 
the  sternum  increa.ses  |)rogressively  from  rib  4 to  the  xiphisternal  junction  where  it  attains 
a maximum  of  3 in  at  29  ms.  The  majority  of  the  A-P  dis(ilacement  takes  jilace  in  the 
costal  ciirtilage  inferior  to  the  4th  rib.  This  disiilacement  attenuates  rapidly  at  |)oints 
l>osterior  to  the  costochondral  junction  (t'(M).  The  deformation  posterior  to  C(M  repre- 
sents a gradual  transition  from  a predominant  A-P  motion  to  a large  latt'ral  motion  at  the 
midaxilla  (MA).  'Phe  maximum  MA  displac('ment  of  1.25"  occurs  at  rib  5.  The  ampli- 
tudes of  the  posterior  rib  cage  motion  is  relativj'ly  small.  Thi*  transient  response  frecjuency 
of  the  frontal  chest  wall  is  about  11  Hz  which  is  in  the  range  of  reportixi  ex|ierimental 


T 


data.  The  chest  force  a displacement  (F-6)  relationship  show  a hysteresis  phenomenon 
attributable  to  the  inertia  effect.  This  phenomenon  was  reported  on  all  experimental  F-6 
curves. 

The  maximum  bending  moment  occurs  in  the  CCJ  to  MA  region,  and  has  a predomi- 
nant component  about  the  minor  principal  axis  of  inertia.  The  frontal  rib  shafts  are  gen- 
erally subjected  to  compressive  axial  forces  whereiis  the  posterior  rib  shafts  are  in  tension. 
The  stress  distribution  in  the  costae  follow  the  internal  force  patterns.  The  greatest  nor- 
mal stresses  occur  in  the  CCJ-MA  region.  The  maximum  shear  stress  occurs  in  the  angle- 
tubercle  region.  In  the  upper  costae,  fractures  occur  in  the  costal  cartilage  and  anterior 
rib  shafts.  In  the  middle  costae,  it  appears  in  the  cartilage  and  Midaxilla.  The  lower  ribs 
fractiures  occur  merely  in  the  cartilage.  These  computed  results  compared  favorably  with 
those  from  cadaver  experiments. 

The  complexisities  and  complications  involved  in  the  development  of  a structural 
dynamic  human  model  are  readily  recognizable.  Limiting  the  problem  scope  and  .simpli- 
fying the  system  parameters  seems  to  be  the  first  cut  approach,  la  this  context  a linear 
elastic  and  conservative  system  was  assumed.  Anticipatixl  future  improvements  will  in- 
clude material  nonlinearities,  damping,  large  deformations,  improving  joint  conditions,  and 
incorjiurating  other  structure  effects  such  as  those  from  diaphragm  and  skeletal  muscula- 
tures. 


A STUDY  OF  THE  SPACE  SHUTTLE  SOLID  ROCKET 
BOOSTER  NOZZLE  WATER  IMPACT  RECOVERY  LOADS 

Edgar  A.  Rawls 

Chrysler  Corporation,  New  Orleans 
and 

Dennis  A.  Kross 

NASA,  MiU'shall  Space  Flight  Center,  Huntsville,  Alabama 


N.ASA’s  Space  Shuttle  vehicle  will  employ  two  reusiible  solid  rocket  boosters  (SRB's). 
Recovery  will  be  achieved  by  utilizing  a parachute  deceleration  system  with  terminal 
water  impact  down  range  of  the  launch  site.  The  boosters  will  impact  nozzle  first  to  take 
advantage  of  the  high  drag  characteristics  of  the  nozzle/skirt/aft  bulkhead  projt'cted  area 
to  minimize  penetration  depth,  while  utilizing  the  hydropneumatic  piston  damping  effect 
of  the  motor  ca.se  chamber  to  retard  rebound  and  slapdown. 

This  mode  of  impact  will  subject  the  nozzle,  aft  skirt,  and  aft  bulkhead  surfaces  to 
large  impact  pressure  loads.  The  severe  dynamic  load  applied  to  th('  gimballed  nozzle 
presents  a uniiiue  design  problem  as  this  load  must  be  react('d  by  the  nozzle/bulkhi'ad  in- 
terface Hexible  .seal,  actuators,  and  some  tension-tie  supporting  system.  The  load  tran- 
.sient  initiates  with  an  upward  U>ad  applied  to  the  nozzle  as  the  exit  plane  ring  makes 
water  contiU't.  As  water  fills  the  nozzle  internal  volume  both  lateral  and  axial  load  build 
up  with  flow  converging  to  the  nozzle  throat.  The  nozzle  extiTiial  surfai'c  remains  in  a 
very  low  pressure  turbulent  cavity  or  wake  through  .separation  of  the  nozzle  external  flow 
from  the  exit  plane  stiffener  ring  and  inh’raction:  with  the  booster  aft  skirt  internal 
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cavitation  wall.  The  initial  forward  axial  force  and  lateral  load  for  oblique  impact  alti- 
tudes are  predicted  to  exceed  10*’  pounds  dependent  on  initial  impact  condition. 

Water  will  completely  fill  the  nozzle  internal  volume,  jetting  into  the  motor  case 
chamber.  As  this  occurs,  flow  in  the  nozzlc/skirt  annulus  impinges  on  the  aft  bulkhead 
initiating  stagnation  of  the  annulus  and  a sharp  rise  in  nozzle  external  surface  pressures 
above  the  internal  flow  values  creating  a large  tension  or  downward  load  tending  to  pull 
the  nozzle  away  from  the  bulkhead.  These  loads  will  also  reach  maximums  of  over  10® 
pounds  dependent  on  initial  impact  condition. 

A theoretical  analysis  of  the  nozzle  hydrodynamic  flow  field  was  originally  conducted 
to  define  preliminary  design  pressures,  loads,  and  TVC  forces.  Scale  model  water  impact 
tests  of  the  preliminary  design  SRB  configuration  were  then  conducted  by  Marshall  Space 
Flight  Center  in  the  Hydroballistics  Tank  of  the  Naval  Surface  Weapons  Center,  White 
Oak,  Maryland.  The  tests  employed  an  8.56%  model  of  the  SRB  geometry  Froude  scaled 
for  dynamic  simulation.  Ambient  pressure  in  the  test  tank  was  reduced  to  1.26  psia  to 
simulate  a scaled  atmosphere.  Pressure  transducers  were  located  on  the  nozzle  internal 
and  external  surfaces,  aft  bulkhead,  and  skirt  internal  surface  to  provide  definition  of  the 
initial  water  impact  dynamic  pre.ssure  load.  A four  (4)  component  force  balance  was  also 
utilized  to  measure  resultant  loads  at  the  nozzle/bulkhead  interface  with  three  (3)  compo- 
nent accelerometers  on  the  aft  bulkhead  to  define  vehicle  reaction  loads.  Tests  were  con- 
ducted over  a complete  range  enveloping  the  probable  range  of  initial  impact  conditions 
of  vertical  velocities  from  80  to  100  fps,  horizontal  velocities  from  0 to  45  fps,  and  ini- 
tial water  contact  attitudes  of  from  0 to  ±10  degrees.  Real  time  multiplexed  data  was  re- 
corded and  processed  to  provide  time  correlated  values.  These  results  have  been  analyzed, 
scaJed-iip  to  the  full  .scale  vehicle  and  jmjvided  as  nozzle  structural  design  and  system  dy- 
namic response  criteria. 

This  paper  will  present  a summary  of  the  Space  Shuttle  SRB  nozzle  water  imiuict 
design  loads  study.  Analysis  of  the  hydrodynamic  flow  model  producing  the  dynamic 
load  transient  will  be  pre.sented  along  with  correlations  of  local  flow  characteristics  and 
pressures  defined  by  the  8.56%  scale  model  tests.  Model  test  scaling  requirements  and 
procedures  will  be  reviewed  with  comparison  of  results  for  scaled  and  unsealed  conditions. 
Methods  and  procedures  utilized  in  determination  of  the  full  scale  SRB  structural  design 
criteria  will  be  defined  with  illustrations  of  typical  full  scaled  dynamic  load  respoTi.se.  A 
short  movie  film  sequence  of  the  si'ah'  model  test  program  will  also  b(‘  presented  to  illus- 
trate test  set-up,  operation,  and  resulting  hydrodynamic  flow  fields. 


AN  EXPERIMENTAL  INVESTIGATION  OF  THE  AXIAL  FORCES 
GENERATED  BY  THE  OBLKiUE  WATER  ENTRY  OF  CONES 

John  L.  Biildwin 

Naval  Surface  Weapons  Center,  Silver  Spring,  Mjiryland 

Mis.siU-s  which  ent«'r  water  from  air  experience  a rapid  change  iTi  velocity  due  to  the 
substantial  mcrea.se  in  fluid  density.  The  forces  present  may  damage  or  destroy  the  mis- 
sile structure  or  int<‘rnal  components.  'I'he  concept  that  the  surface  crossing  may  be  re- 
placed by  an  impulsive  change  in  velocity  h;is  existed  for  some  time  and  may  still  be  u.sed 
to  advantage  for  sonu'  problems;  howa'ver,  for  the  dynamic  amilysis  of  tlu>  missile  structure 
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and  internal  components,  knowledge  of  at  least  the  external  forces  as  a function  of  time 
is  required.  Recent  advances  in  instrumentation  and  test  facilities  have  made  possible  the 
direct  experimental  determination  of  the  water-entry  forcing  functions  for  many  casc-s. 
systematic  investigation  of  entry  forces  has  been  part  of  the  continuing  investigation  of 
water-entry  phenomena  at  the  White  Oak  Laboratory  of  the  Naval  Surface  Weapons 
Center. 

The  constant  speed  vertical  entry  of  a cone  is  perhaps  Uie  simplest  case  of  water 
entry  because  a self-similar  flow  should  exist  during  the  wetting  process.  Circular  sym- 
metry also  simplifies  this  problem  as  shown  by  equation  (1): 

t/(X,  y,  d,  T)  = T0(^',  1^)  (1) 

A similar  simplification  also  exists  for  the  oblique  entry  case.  A direct  consequence  of 
self-similar  flows  is  that  the  axial  force  acting  on  the  cone  during  wetting  is  given  by 

F = A's2 

up  to  a maximum.  After  wetting  has  been  completed  the  force  should  decay  to  a steady- 
state  value  as  the  surface  recedes. 

An  experimentiU  program  was  conducted  at  the  Naval  Surface  Weapons  Center, 

White  Oak  to  verify  the  theory  and  to  determine  the  tiuantitative  values  of  the  axial  force 
for  the  oblique  entry  of  cones  as  a function  of  distance. 

The  test  procedure  consisted  of  launching  a simple  cone-nost>d  model  containing  an 
axially  mounted  crystal  accelerometer  from  an  air  gun  and  recording  the  gage  output  dur- 
ing water  entry.  The  transducer  was  connected  to  the  fixed  electronics  by  a trailing  wire. 
A light  screen  located  near  the  water  triggered  the  recording  system  and  a strobe  hunp. 

An  opened  plate  camera  recorded  the  position  of  the  model  at  several  times  just  before 
water  contact  from  which  the  entry  velocity  was  obtained.  Equations  (2)  and  (3)  were 
used  to  compute  added  mass  of  the  fluid  and  the  related  infinite  model  mass  drag  coeffi- 
cient from  the  data  as  functions  of  distance  moved  after  water  contact. 

- ^ (M  + m)  + {Mg  - B)  sin  0 = 1/2  (2) 


2 dm 
p.4  ds 
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where  A = model  base  area,  B = model  buoyancy,  C,^  = infinite  ma.ss  drag  coefficients, 
g = gravitational  constant,  M = model  mass,  m = added  mass  of  the  fluid,  ,s  = distance. 

1 = time,  U = model  spt'ed,  0 = entry  angle  from  the  hori/ontal,  and  p fluid  ma.ss  den- 
sity. 


The  results  showed  that: 

1.  The  axial  force  during  the  wetting  of  the  coni'  ’.vas  of  the  form  F Ks-  and 
the  maximum  force  occurri'd  when  the  ilistance  penetratiil  «as  less  than  the  cone  length. 
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2.  After  penetration  of  several  cone  lengths,  the  drag  coefficient  approached  the 
steady-state  value  at  zero  cavitation  number. 

3.  Blunt  cones  had  much  larger  drag  coefficients  and  more  rapid  loading  rates 
than  fine  cones. 

4.  For  a fixed  cone  angle,  the  maximum  drag  coefficient  occurred  at  vertical  entry 
tuid  the  maximum  loading  rate  at  the  shallow  entry  angle. 

5.  The  maximum  drag  coefficient  and  loading  rate  were  very  dependent  on  entry 
tmgle  for  blunt  cones  and  only  slightly  dependent  for  fine  cones. 

The  transverse  force  function  was  estimated  from  consideration  of  boundary  values, 
geometry  and  axial  data.  Possible  errors  of  35  percent  were  indicatt>d  for  90-degree 
cones.  The  exact  direction  of  the  toUil  force  vector  and  its  location  on  the  body  should 
be  the  subject  of  a future  investigation. 


DELAMINATION  STUDIES  OF  IMPACTED  COMPOSITE  PLATES 

C.  Ross  and  R.  Sierakowski 
University  of  Florida,  Eglin  AFB,  Florida 


Impact  resistance  of  one  component  materials  in  general  depends  on  many  material 
properties  such  as  fracture  strength,  h;irdness,  ductility;  with  particular  properties  being 
more  important  within  certain  impact  velocity  ranges.  However,  impact  resistance  of 
comixjsite  materials  is  not  only  dependent  on  the  specific  constituent  material  jiroperties 
but  also  is  dependent  on  the  geometrical  anangement  of  the  imbedded  fiber  arrays.  The 
effect  of  fiber  geometry  and  ply  arrangement  hiis  been  shown  in  previous  tests  to  have  a 
significant  influence  on  the  impact  resistance  of  fibrous  composite  materials  using  both 
extensible  and  inextensible  fibers.  In  the  present  studies  the  specific  effect  of  controlled 
ply  arrangement  and  orientation  on  impact  resistance  has  been  studied  experimentally  for 
both  metal  and  non-metal  fibers  imbixided  in  an  epoxy-matrix  and  is  the  major  subject  of 
this  paper. 

The  two  types  of  composites  studied  were  tested  by  impacting  six  inch  scpiare  plates 
with  blunt  ended  circuhu'  cylindrical  projectiles  of  different  lengths.  .\  notable  difference  - 

in  failure  mechanisms  due  to  impact  was  observed  for  plates  using  extensible  (.steel)  fibers 
as  compared  to  the  relatively  inextensible  (glass)  fibers.  The  steel-t'iioxy  plates  exhibit  a 
very  symmetrical  and  confined  damage  area  with  only  localized  fiber  breakage  aintarent, 

;uid  with  radial  cracking  in  the  matrix.  The  gl;iss-<'i)o.\y  plates  .show  some  initial  fiber  - 

breakage  under  the  projectile,  with  delamination  of  successive  plies  extending  out  many  j 

projt'ctile  diameters  from  the  impact  (toint,  and  with  total  delaminated  area  and  damage  j 

de[)ending  on  the  ()ly  arrangement.  Initial  results  indicate  that  the  orientation  ami  ar-  J 

rangement  of  the  first  few  (ilies  are  very  im|>ortant  in  controlling  subsetiuent  failure  ami 
delamination  patterns.  To  obtain  these  results  a kirge  number  of  cross-plied  [ilates  of 
multi[)le  layered  combinations  have  been  tested  and  results  are  reported  in  lu)th  tabular 
and  graphical  forms. 
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Also  investigated  has  been  the  influence  of  boundary  conditions  and  variable  filjcr 
length  on  the  impact  resistance  of  the  com[)osite  plates  tested.  The  former  has  been  ac- 
complished by  testing  hurge  size  panels  of  selected  fiber  geometries  and  comparing  results 
with  the  si.\  inch  panel  test.  The  latter  effect  has  been  studied  by  fabricating  holder 
plates  of  different  geometrical  shape,  and  testing  specific  fiber  geometries  for  oijservations 
of  changes  occurring  in  the  failure  and  delamination  iiatterns. 

Finally,  an  assessment  of  single  fiber,  three  fiber,  and  multiple  fiber  si^ecimens  sand- 
wiched between  continuous  multi-filament  lamina  are  reported  on.  Such  tests,  of  a diag- 
nostic nature,  have  been  examined  for  their  usefulness  in  projecting  anticipated  penetra- 
tion mechanisms  occurring  in  multi|)le  lamina  composites. 


SIMULATION  OF  X-RAY  BLOWOFF  I.MPULSE  LOADING  j 

ON  A REENTRY  VEHICLE  AFT  END  USING  ; 

LIGHT-INITIATED  HIGH  EXPLOSIVES  j 

R.  Benham  | 

Sandia  Laboratories,  Albuquerque,  New  Mexico  , 

The  possibility  of  a Comprehensive  Test  Ban  Treaty  emphasizes  the  importance  of  i 

nuelear  effects  simulation.  This  papi'r  describes  a mt'thod  in  which  X-ray  blowoff  effects  i 

lU'e  simulated  by  the  detonation  of  a sprayed  coating  of  explosive  initiati-d  by  an  int(‘nse  ■ 

light.  specific  experiment  is  described  involving  the  curved  aft  surface  of  a reentry  ! 

vehicle  (Hat-cone-torroid ).  The  thickness  of  silver  ai’etylide-silver  nitrate  explosive  is  var- 
ied to  match  impulse  values  calculated  for  X-ray  blowoff.  Surface  initiation  of  the  explo-  i 

sive  layer  produces  a simultaneously  applied  imiuil.se  lasting  for  about  two  microseconds.  ] 

.Measurements  of  strain,  displacement  and  acceleration  during  experiments  at  increasing  ^ 

impulse  levels  allow  full  understanding  of  structural  dynamics  with  verification  of  a fail-  i 

lire  impulse.  This  experiment  dt'inonstrates  for  the  first  time  that  light-initiated  explosive 

may  be  usiul  for  structural  experiments  involving  large  complex  surfaces  with  step  load  ■ 

discontinuities  and  represents  a significant  improvement  in  laboratory’  X-ray  simulation  ■ 

capability.  I 


BLAST  PRESSURES  INSIDE  AND  OUTSIDE 
SUPPRESSIVE  .STRUCTURES 

E.  D.  F.sparza,  G.  A.  Oldham  and  \V.  E.  Baker 
Southwest  He.search  Instituti',  San  Antonio,  Texas 


Suppressive  structures  are  vi-nted  structures  di'signed  to  atti'iuiate  blasts  and  thermal 
effects,  and  arrest  fragments,  from  accidental  explosions  in  hazardous  operation:  in  muni- 
tions plants.  Considerable  analytical  and  experimental  effort  has  been  recently  devoted  to 
[iredicting  the  initial  shock  loads  and  longer  term  (piasi-static  pressures  generated  by  in- 
ternal explosions  in  lhe.se  structures,  and  the  characteristics  of  Ihe  attenuated  blast  waves 
emitted  from  the  chambers.  This  paper  summarizes  this  work  and  givi-s  a resume  of  pre- 
diction equations  for  internal  and  external  blast  wave  priqierties.  Itidated  literature  is 
al.so  summarized. 
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Specific  topics  covered  in  the  paper  are; 

(1)  Scaling  of  internal  and  external  blast  waves  and  quasi-static  pressures. 

(2)  The  concept  of  an  effective  vent  area  ratio,  for  suppressive  structures. 


(3)  Analytical  and  experimental  studies  of  internal  blast  pressures  and  pressures  be- 
tween layers  of  vented  panels  in  suppressive  structures  scaling. 

(4)  Experimental  and  scaling  studies  of  external  blast  waves.  Effects  of  various 
panel  configurations  and  a^,. 

This  paper  will  include  a number  of  figures  and  graphs  which  give  .some  details  of  typical 
suppressive  structure  vent  panel  configurations,  and  functional  relationships  for  scaled 
blast  ;uid  quasi-static  pressures. 


DEVELOPMENT  OF  STRUCTURES  FOR  INTENSE  GROUND 
MOTION  ENVIRONMENTS 

T.  O.  llunU'r  and  G.  W.  Barr 
Sandia  Laboratories,  .Allniquerque,  New  .Mexico 


The  development  of  the  technology  to  insure  the  survivability  of  deep  buried  struc- 
tures subjected  to  short  duration-high  intensity  ground  motion  environments  reipiires  the 
integration  and  utilization  of  numerous  analytical  techniques,  design  concepts,  and  mate- 
rial characterizations.  Sandia  Laboratories  recently  comjileted  a jirogram  to  develop  a 
large  structure  designed  to  survive  the  ground  motion  environment  resulting  fr<  n a nu- 
clear detonation  in  volcanic  tuff.  'I'he  free-field  environment  at  the  location  < the  struc- 
ture consisted  of  accelerations  which  are  typically  in  excess  of  1000  g's  iuid  peak  stress 
levels  in  excess  of  several  kilobars  (1  kilobar  = approximately  15,000  psi). 

The  structure  to  be  protected  was  an  experiment  chamber  constructed  of  thick 
walled  steel  sc'ctions  weighing  ap|)roximately  75  tons.  .\n  integral  p;irt  of  this  chamber 
was  a high  spetxl  ck)sure  system  which  placed  a 3500  lb.  titanium  door  over  a three  foot 
opening  in  approximately  18  milliseconds.  The  chamber  containi'd  on-board  recording 
.systems  to  c'ollect  data  for  the  a.ssessment  of  .system  performance. 

'I’he  design  criteria  for  the  chamber  consisted  of  attenuation  of  the  acceleration  pulse 
to  less  than  200  g's  and  reduction  of  the  surface  stress  applied  to  the  chamber  to  less 
than  12,000  psi.  The  protectiv*'  structure  for  the  chamber  consist<>d  of  a 30  foot  diame- 
ter spherical  shell  with  a wall  thickness  of  eight  feet  of  high  strength  concrete  ami  a one 
inch  steel  liner.  The  chamber  was  placed  in  the  center  of  the  concrete  shell  and  sur- 
roundt'd  with  cellular  concrete.  The  concrete  shell  was  utilized  to  limit  the  deformations 
of  the  interior  cavity  due  to  the  free-field  stress  to  bi'low  the  locking-up  deformation  of 
the  cellular  concrete.  With  small  deformations,  the  cellular  concrete  would  transmit  only 
small  stresses  to  the  chamber.  .\  second  major  function  of  the  cellular  concrete  was  to 
attenuate  the  accel(>ration  pul.se  level  to  below  th(>  chamber  desigji  iTitj*ria.  .Active  data 
was  taken  to  determine  the  .system  |ierformance  and  recovery’  c>f  the  chamber  was  per- 
formed which  allowed  visual  verification  of  .survivability. 
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Numerous  analytical  techniques  were  utilized  and  developed  as  part  of  this  effort.  A 
one-dimensional  finite-difference  stress  wave  code  with  constitutive  relationships  account- 
ing for  dissipative  material  effects  was  utilized  to  develop  the  free-field  stress  wave  charac- 
teristics. Finite  element  methods  were  used  to  determine  the  response  of  the  large  con- 
crete protective  structure.  These  methods  had  to  account  for  non-linear  material  behavior, 
arbitrary  dynamic  loading,  large  deflections,  and  two-dimensional  axisymmetric  geome- 
tries. The  inadequacy  of  existing  finite  element  methods  to  account  for  behavior  of 
structural  and  shock  absorbing  material  under  loading  conditions  of  several  kilobars  re- 
quired the  development  of  new  analyticsd  techniques.  A two-dimensional  finite  difference 
stress  wave  code  was  also  utilized  to  determine  the  interaction  between  the  structure  and 
the  stress  waves  in  the  rock.  Comparison  between  the.se  two  analytical  methods  wert' 
made  and  sufficient  agreement  found  to  verify  the  design.  Lumped  parameter  techniques 
were  also  employed  to  determine  the  motion  of  the  structure. 

The  utilization  and  development  of  the  analytical  techniques  were  closely  coordi- 
nated with  a materials  testing  program  which  determined  the  appropriate  material  desi-rip- 
tions  for  both  the  analysis  and  field  installation.  High  strength  concrete  was  developed 
and  utilized  for  the  principal  structures.  Shear  behavior  was  determined  and  modeled  for 
mean  confining  pressures  up  to  3 kbars  (50,000  psi).  A celluhir  concrete  with  a crush 
strength  of  1400  (isi  and  an  allowable  deformation  of  40  percent  was  develoi)ed. 

The  data  obtained  from  the  underground  nuclear  test  indicated  that  the  free-field 
pulse  agreed  closely  both  in  amplitude  and  duration  with  analytical  predictions.  The  con- 
crete structure  exhibited  similar  deformations  to  those  predicted.  The  stress  transmitted 
to  the  experiment  chamber  was  limited  to  a few  thousand  ()si  and  the  chamber  was  struc- 
turally undamaged.  The  accelerations  of  the  chamber  were  limited  to  thos<'  of  the  design 
objectives.  A ()ositive  phase  amplitude  of  150  g’s  with  a duration  of  20  milliseconds  was 
observed  which  agreed  with  calculated  i)redictions. 

In  summary,  the  technology  both  in  analytical  techniques  and  design  conce|)ts  for 
protection  of  structures  in  intense  ground  motion  environments  was  developed  and  demon- 
strated in  actual  utilization. 


DESIGN  STUDY  OF  A NEW  BRL  EXPERIMENTAL  BLAST  CHAMBER 

W.  E.  Baker  and  P.  A.  Cox 
Southwest  Research  Institute,  San  .Antonio,  Texas 


This  pa|)er  reports  the  results  of  a design  study  of  a blast  chamber  intended  for  repe- 
titive firings  of  explosive  charges  up  to  30  lb  weight  with  minimal  distrubance  to  person- 
nel in  its  vicinity.  The  study  includes  a survey  of  past  work  in  blast  chamber  tlesign, 
evaluation  of  several  alternate  design  i'once|-.ts  and  analyses  t»)  I'stablish  chamber  material, 
si>hericiil  or  cylindriciil  sha()e,  size  and  thickness.  Respons<>s  to  initial  and  reflected  blast 
waves  were  predicU'd,  as  well  as  stresses  from  internal  static  pressures  Efb'cts  of  cham- 
ber evacuation  on  modification  of  loading  and  chamber  stresses  were  considered.  Other 
factors  considered  were  chamber  venting  for  unevacuated  chambers,  responst's  to  charges 
detonated  off-center,  lining  with  shock-absorbing  materials,  and  spalling  effects. 
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The  chamber  design  was  found  to  be  controlled  by  the  initial  and  reflecU*d  blast 
loading,  rather  than  static  pressure.  Partial  evacuation  to  about  1/3  atmosphere  markedly 
reduciHl  blast  loading  and  resultant  chamber  stresses,  while  off-center  charge  detonation 
increased  strc's-ses  considerably.  Reflected  shocks  were  nearly  in  phase  with  chamber  natu- 
ral periods  and  therefore  amplified  stres.ses  caused  by  initial  blast  loading.  Stresses  from 
static  pressure  rise  were  insignificant  compared  to  those  from  blast  loading,  and  no  vent- 
ing was  necessary.  Recommendi'd  construction  material  was  mild  steel,  and  recommended 
geometry  was  spherical.  A steel  vessel  recpiired  no  shock-absorbing  lining  and  could  not 
be  spalled  by  any  e.x.plosion  other  than  a contact  explosion.  Chamber  thicknesses  were 
determined  as  a function  of  radius,  and  combinations  for  safe  design  were  recommended. 


ANALYSIS  OF  CONCRETE  ARCH  MAGAZINE 
John  iM.  Ferritto 

Naval  Construction  Battalion  Center,  Port  Hueneme,  California 


The  Department  of  Defense  hits  for  many  years  stored  exjiiosives  in  earth-mounded 
arch  magazines  or  igloos.  Several  varieties  of  reinforced  concrete  arch  igloos  have  been 
used.  One  of  the  most  prevalent  has  been  the  circular  concrete  barrel  arch.  The  arch 
spans  about  27  ft'et  and  has  a height  at  the  crown  of  about  13  feet.  The  thickness  of  the 
reinforced  concrete  varies  from  16  inches  at  the  base  to  6 inches  at  the  crown.  Reinforc- 
ing steel  in  the  direction  of  the  arch  consists  of  #5  bars  at  12-inch  centers  on  each  face 
with  a constant  concrete  cover  of  1-5/8  inches.  The  arch  igloos  iire  covered  with  two 
feet  of  soil  forming  an  e;urth  berm  slojiing  outward  at  2 horizontal  to  1 vertical. 

The  objective  of  this  study  was  to  examine  and  upgrade  the  blast  resistance  of  this 
arch  to  long  duration  loading  effects  produced  by  a detonation  of  a nuclear  weapon.  The 
relatively  steep  slope  of  the  earth  berm  results  in  an  increase  in  loading  from  tin'  reflec- 
tion of  the  side-on  overpressur(‘  bhist  wave  and  from  the  dynamic  drag  forces  caused  by 
the  blast  wind  pre.ssure.  Further  the  loading  is  |)rincii)ally  on  the  side  of  the  structure 
producing  a significantly  antisymmetrical  loading  condition  on  the  arch.  An  approximate 
analysis  indicated  that  the  structun'  in  its  existing  configuration  would  fail  at  a ver>-  low 
overpressure  (less  than  10  j)si  side-on  overpressure,  25  psi  total  dynamic  pri'ssurt'l.  To 
U()grade  the  hardne.ss  of  the  structure,  it  would  he  necessjiry  to  decrease  the  reflected 
pressure  wave,  the  dynamic  drag  i)re.ssure,  and/or  the  anti.symmetrical  chtirai  teristics  of 
the  load  ai)plications.  To  achieve  thesi'  rc'sults,  it  was  proi>osed  to  flatten  the  slope  to  as 
near  horizontal  as  possible  (less  than  -t;  1)  and  to  increase  the  height  of  st)il  cover  over  the 
arch.  The  hardness  level  of  the  modified  structure  was  evaluati'd  using  the  finite  element 
technique.  This  (laper  pre.sents  the  results  of  a finite  element  analysis  ;uid  the  recom- 
mended modifications  to  the  existing  structure  to  upgrade  its  hardne.ss  to  a side-on  over- 
pressure level  of  100  ()si. 

'I’he  finite  element  method  idealizes  a continuum  as  an  assmnhlage  of  a finite'  num- 
ber of  di.screte  .structural  elements  interconnected  at  a number  of  joints  or  nodal  points. 
The  (irogram  used  in  this  study  was  NONS.AP,  a structunil  analysis  program  for  static  and 
dynamic  analysis  of  nonlini'ar  structural  systems.  Several  elastic  ;uid  inelastii-  analyses 
were  performed  of  arches  with  and  without  soil  covc'r.  .An  eigi'nvalue  analysis  was  |ier- 
formed  to  ileterinine  mode  shapes  and  natural  jieriods. 


It  was  found  that  soil  mass  increases  the  natural  period  from  72  msec  to  118  msec, 
but  the  low  mode  shapes  of  the  arch  with  soil  were  similar  to  that  of  the  arch  without 
soil.  However,  higher  mode  shapes  differed  somewhat  because  the  soil  mass  restrains  the 
arch. 


A linear  dynamic  analysis  was  performed  using  the  direct  inU'rgration  method.  A 
100-psi  traveling  wave  was  used  to  load  the  arch  covered  by  soil.  Thrust-moment  dia- 
grams and  pressure  loads  were  computed  for  various  time  increments  from  which  the 
|)eak  loading  was  determined.  The  moving  wave  (iroduced  a loading  which  was  more  anti- 
symmetric than  the  static  loads.  By  use  of  the  thrust-moment  loadings  it  was  determined 
that  the  load  at  which  the  structures  became  inelastic  (formed  a first  hinge)  was  80  psi. 
Points  of  high  stress  (hinge  formation)  were  deU^rmined.  Since  the  stresses  approach  the 
ultimate  capacity  of  the  concrete  (thrust  rather  than  moment),  the  probability  of  failure 
over  large  areas  of  the  arch  is  high.  Therefore,  it  is  necessary  that  the  allowed  ductility 
factor  must  be  low— 1.3  to  1.5.  Using  the  computed  structural  resistance  and  a ductility 
factor  of  1.4,  the  maximum  total  load  capacity  of  the  arch  was  found  to  be  105  psi.  The 
arch  would  bt'  able  to  carry  about  100  j)si  side-on  overjiressure  on  the  ground  surface. 

This  represents  the  maximum  pressure  that  can  be  carried  without  structural  modification 
to  the  arch.  The  deflection  history  of  the  crown  of  the  arch,  and  the  deflection,  velocity, 
and  acceleration  of  the  floor  slab  centerline  were  determined. 

Ground  motions  as  high  as  20  g would  be  expected  on  the  floor  slab.  The  finite 
element  analysis  was  successful  in  representing  the  arch  structure  and  loading. 

The  front  entry  structure,  rear  wall,  and  blast  door  must  be  upgraded  to  equal  the 
1-psi  capacity  of  the  arch.  This  can  be  accomplished  by  constructing  an  entry  structure 
housing  a new  blast  door  and  a new  cantilever  rear  wall. 


MEASUREMENTS  AND  C RITERIA  DEVELOPMENT 


BOUNDARY  LAYER  FLUCTUATING  PRESSURE  DATA  OBTAINED 
IN  A HIGH  BACKGROUND  NOISE  ENVIRONMENT  ON  A 
SMALL  SCALE  WIND  TUNNEL  MODEL 

G.  L.  Getline 

General  Dynamics  Corporation,  Dan  Diego,  California 

During  preliminary  design  studies  of  a lift-lift/cruise  engine  V/STOL  fighter  aircraft, 
it  was  realized  that  it  might  be  necessary  to  crop  the  trailing  edge  of  the  canoi)y  because 
of  the  close  proximity  of  the  vertical  lift  engines  which  were  located  immediately  aft  of 
the  cockpit.  Flow  visualization  studies  on  a small  wind  tunnel  model  of  the  aircraft  indi- 
cated the  possibility  of  aerodynamic  flow  separation  over  the  cropped  canojiy  in  the  tran- 
sonic flight  regime  and  under  some  maneuvering  conditions.  One  result  of  such  flow  sep- 
aration could  be  an  increase  in  cockpit  interior  noise  levels  so  as  to  interfere  significantly 
with  electronic  communications.  It  was  planned,  therefore,  to  instrument  an  available 
small  scale  (1/14.92)  model  with  extern<d  flush  mounted  high  frequency  pressure  trans- 
ducers in  order  to  obtain  boundary  layer  fluctuating  pressure  data  in  the  transonic  and 
supersonic  flight  regimes.  These  data  could  then  be  used  as  a basis  for  estimates  of  cock- 
pit interior  noise  levels  for  the  full  scale  aircraft  during  high  s))eed  flight. 

Supersonic  test  data  were  obtained  in  the  Convair  .supersonic  wind  tunnel  at  San 
Diego,  California  and  transonic  data  were  obtained  in  the  CALSPAN  transonic  wind  tun- 
nel at  Buffalo,  New  York.  Three  technical  areas  which  required  circumsjiection  in  attain- 
ment of  program  objectives  were: 

a.  Obtaining  of  very  high  frequency  (up  to  80  Kllz)  fluctuating  pressure  data  in 
the  presence  of  a high  background  noise  and  turbulence  environment. 

b.  Demonstration  that  the  test  data  was  representative  of  boundary  layi'r  pressure 
fluctuations  and  did  not  merely  reflect  ambient  wind  tunnel  noise  and  turbu- 
lence. 

c.  Conversion  of  wind  tunnel  model  data  to  the  full  .scale  aircraft  with  appropriate 
geom€>tric  and  aerodynamic  scaling  piiramoters. 

The  high  freciuency  data  reciuirement  was  established  by  tin'  small  scale  of  the  model. 
The  80  KHz  upper  limit,  however,  was  dictated  by  available  instrumentation  and  scali'd 
up  only  to  about  5400  Hz.  Availability  of  ambient  noise  and  turbulence  data  from  both 
of  the  test  tunnels  enabled  pre-filtering  of  signals  from  the  pressure  transducers.  This, 
along  with  the  large  (Strouhal)  freciuency  st'paration  betwc'cn  the  full  scale  tunnel  pres- 
sure data  and  the  small  scale  model  data  enabled  extraction  of  the  model  Ixumdary  layer 
pre.s.sure  data  from  the-  composite  signals. 

The  above  technical  areas  cue  discus.sed  in  detail.  Test  data  are  pre.sentc'd  which  de- 
scribe wind  tunnel  ambic'nt  noi.se  and  turbulence,  and  separation  of  boundary  layer 
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pressure  data  from  background  noise.  Comparison  is  made  of  test  data  obtained  in  this 
program  with  data  obtained  in  special  facilities  by  other  institutional  and  government  re- 
st>archers.  It  is  demonstrated  that  it  is  feasible  to  obtain  valid,  high  frequency  boundary 
layer  fluctuating  pressure  data  at  low  cost  on  small  scale  models  in  unmodified  wind  tun- 
nels with  characteristically  high  level  background  noise  and  turbulence. 


THE  DYNAMIC  IVIEASUREMENT  OF  THE  LOW  FREQUENCY 
COMPONENTS  OF  TRACK  INDUCED  RAILCAR  WHEEL  ACCELERATIONS 

Steve  MacIntyre,  Tom  Jones  and  Bob  Scofield 
ENSCO,  Inc. 


I In  characterizing  the  overall  shock  and  vibration  environment  to  which  a railcar  may 

be  subjected,  the  complete  acceleration  spectrum  must  be  measured.  Track  induced  rail- 
car  wheel  accelerations  cover  a broad  frequency  band  and  include  both  short  duration 
(2-3  ms)  high  level  (600  g’s)  shock  as  well  as  low  level  (.1  g’s)  low  frequency  (0-30  hz) 
vibrations.  In  order  to  measure  wheel  acceleration  without  causing  transducer  saturation, 

• an  accelerometer  with  a wide  dynamic  range  (1000  g’s)  must  be  used.  Piezoresistive, 

I piezoelectric,  or  strain  gage  accelerometers  are  the  usual  choices  in  picking  a transducer 

for  this  application.  But  their  accuracies  are  at  best  ±1%  of  full  scale  and  in  the  case  of 
j the  piezoelectric  accelerometer  only  respond  to  signals  above  a low  frequency  limit.  .<\s  a 

j result,  the  low  level  low  frequency  signals  become  lost  in  the  transducer  and  conditioning 

amplifier  noise. 

Measurement  of  the  acceleration  components  within  the  0 to  30  Hz  frequency  range 
can  be  accomplished  by  mounting  a servo-accelerometer  on  a linear  spring-mass-dam()er 
mechanical  isolator  designed  to  attenuate  the  high  frequency  accelerations  apidied  to  the 
wheel.  A linear  mechanical  system  should  be  used  since  its  mechanical  imjnxlance  (and 
thus  its  transmissibility)  can  be  fairly  well  controlled;  its  responses  to  applied  accelerations 
are  accurately  known;  and  generation  of  harmonics  of  the  applied  acceleration  are  mini- 
mized. The  transmissibility  function  for  a second  order  spring-mass-damper  system  e.\- 
pressed  in  Laplace  Transform  notation  can  be  written  as; 

Aq  ^ Wn^  {I  + 2ds/Wn) 

A,  s2  + 2^w„s  + ic,2 

where 

A„,  A,  = mass  and  applied  accelerations  respectively, 

= nature  frequency  of  the  mt'chanical  system, 

6 = damping  ratio  of  the  mechanical  .system. 

Becaust?  of  the  zero  at  w — ie„/26,  it  is  difficult  to  establish  a 6 that  will  |>r(‘vent  the 
transmissibility  of  the  system  from  peaking  within  the  bandwidth  of  the  mechanical  .sys 
tern  at  a value  greater  than  unity.  To  prevent  this  acceleration  amplification  from  satu- 
rating the  accelerometer  and  to  flatten  the  overall  measurement  system  fri'queney  re- 
sponse, a combination  inductor-resistor-capacitor  (LR(')  network  can  be  (ilaced  in  the 
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servo-accelerometor  feedback  loop  and  tuned  to  minimize  the  effect  of  the  mechanical 
zero  in  the  overall  system  transfer  function.  The  effect  of  the  LRC  network  is  to  adjust 
the  feedback  current  to  the  torque  coil  of  the  accelerometer  suspension  system  such  that 
the  accelerometer’s  range  changes  with  frequency  in  proportion  to  the  changes  in  mechan- 
ical transmissibility. 

A system  that  can  be  mounted  on  the  journal  bearing  adapter  of  a standard  freight 
car  truck  was  designed,  built  and  tested.  Four  1/2"  radius  helical  coil  springs  made  from 
1/8”  diameter  Music  Wire  and  having  a total  spring  constant  of  144  Ibs/in  were  used  to 
suspend  the  mass  and  accelerometer  from  the  top  and  bottom  of  a 20cm  X 19.5cm  X 
5cm  aluminum  container.  In  parallel  with  the  four  springs  was  a gum-rubber  spring 
damper  combination.  The  container  cavity  was  fabricated  by  milling  out  the  center  of  a 
solid  piece  of  aluminum.  A l"  diameter  cylindrical  hole  bored  into  the  mass  acU»d  as  the 
cavity  for  the  damper  pi.ston.  Mounting  holes  for  both  a longitudinal  aiid  transverse  servo 
accelerometer  wer*'  also  provided  on  the  mass  structure. 

The  assembled  measuring  system  was  tested  in  the  laboratory  with  silicon  damping 
fluids  ranging  in  viscosity  from  50  to  12,500  centistokes  using  a shaker  table.  constant 
4g  peak  acceleration  was  applied  to  the  unit  while  its  frequency  was  swept  from  10  to 
1000  Hz.  Best  system  response  was  achieved  with  3000  centistokes  fluid.  The  container 
had  a fundamental  resonant  frequency  of  265  Hz  with  a sei'ondary  resonance  at  650  Hz. 
Both  resonances  were  sufficiently  above  the  30  Hz  bandwidth  of  the  system  that  their  ef- 
fects were  negligible.  The  results  of  these  tests  indicated  that  the  basic  concept  was 
sound.  F'ield  tests  with  the  measuring  system  mountt'd  on  a freight  car  will  be  conducU'd 
this  summer. 


DEVELOPMENT  AND  APPLICATION  OF  A MINIATURE 
RECORDER/ANALYZER  FOR  MEASUREMENT  OF 
THE  TRANSPORTATION  ENVIRONMENT 


AFPE.A,  Wright-l’atterson  AFB,  Ohio 


The  Air  Force  Packaging  Evaluatii)n  Agency  contracted  with  Bolt,  Beranek  & New- 
man, Inc.  to  develop  a miniature  electronic  transportation  environment  recorder  to  deter- 
mine the  environments  and  hazards  that  packaged  items  experience  in  handling,  shipment, 
and  storage.  The  key  to  the  significant  reduction  in  volume  of  this  recorder  is  the  use  of 
metal  o.xide  .semi-conductor  (MOS)  technology  circuitry  i-ouj)led  with  the  use  of  minia- 
ture sensors.  This  technology  yields  compai't  circuitry  with  low  power  requirements. 

Three  piezoelectric  accelerometers  iu"*'  used,  one  for  each  of  the  pniu'ipal  axis  of  th<' 
recorder.  The  shock  data  acquired  from  the  triaxial  accelerometer  is  si'parati'd  by  shock 
polarity  for  each  of  the  three  recording  channels.  Data  is  analyzed  in  real  lime  and  the 
results  stored  in  the  MOS  memoru's.  The  data  can  lie  readout  on  request  by  a digital 
readout  devk'e.  The  recording  range  is  from  2.5  (I  to  90  O.  Twenty-four  amplitudi' 
windows  are  used  for  storing  acceleration  peaks  for  one  polarity  and  one  chaniu'l.  The 
first  19  windows  are  2.5  G wide,  the  next  5 windows  are  10  G each  wbili'  the  last  win- 
dow IS  an  overflow  window  for  shocks  greater  than  90  G. 


The  recorder  also  has  the  capability  of  measuring  temperature  and  humidity.  'I'he 
recorder’s  temperature  range  extends  from  20  to  +140° F.  Sixteen  amplitude  windows 
are  employed  for  the  temperature  measurements,  each  10°  F wide.  The  recorder’s  relative 
humidity  range  is  0 to  100%.  A total  of  eight  windows  are  used  for  the  humidity  meas- 
urements; one  window  for  0 to  30%  RH;  and  seven  windows  for  30  to  100%  RM,  each 
10%  wide.  Temperature  and  humidity  readings  are  made  once  each  minute.  The  recorder 
also  contains  an  elapsed  time  clock  which  measures  time  in  one  minute  increments.  The 
elapsed  time  clock  makes  possible  the  determination  of  the  percentage  of  time  specific- 
temperature  and  humidity  ranges  are  experienced. 

One  of  the  prime  advantages  of  the  recorder  is  that  the  data  as  rc-adout  are  already 
analyzed.  It  is  not  necccssary  to  perform  magnetic  tajx'  analysis  or  to  fec-d  data  into  a 
computer.  The  statistical  analysis  has  already  bc-en  acc-omplishi-d. 

Using  internal  batteries,  the  recorder  can  operate  continuously  for  over  two  weeks. 
External  battery  packs  can  be  connected  to  the  recorder  for  longer  operation.  The  total 
volume  of  the  recorder  including  batteries  for  two-week  operations  is  1(>8  cubic  inches 
(4-7/8  X 5-7/8  X 5-7/8  inches)  and  the  weight  is  six  pounds.  If  ri‘c|uired,  the  triaxial  ac- 
celerometer can  be  separated  from  the  recorder  package  and  mounU'd  on  smaller  U'st 
articles. 

Ih-ototyi^e  recorders  have  been  subjected  to  extensive  in-hc)use  calibration  and  operti- 
tional  testing  by  the  Air  Force  Packaging  Evaluation  Agency.  Vibration  testing  has  re- 
vealed the  need  for  additional  filtering  to  eliminate  siiurious  signal  iii()uts  due  to  shoi-k 
it'sonances  in  the  recorder  housing.  Programmed  shock  tests  also  reveak'd  the  need  to  in- 
crease the  low  frequency  response  of  the  system. 

Current  ap()lications  of  the  recorder  involve  measurement  of  the  .shock  environment 
experienced  a set  of  standardized  cushion  iiacks  extensively  used  by  .Air  Forc-e  as  well  as 
other  DOD  activities  in  the  shii)ment  of  fragile  items.  Data  collected  has  been  used  to 
establi.sh  ndiable  pack  selection  criteria  to  insure  siife  delivery  of  critical  high  value  weaii- 
ons  system  components.  In  addition  to  the  measurement  of  item  iespon.se  in  teims  ol 
peak  (1,  additional  data  was  obtained  on  the  shipping  environment  by  placing  the  minia- 
ture .shock  recorder  in  a specially  designed  shipping  container  which  provided  ai>(>roxi- 
mately  equivalent  res()onse  regardless  of  the  orientation  of  the  container  at  impact.  Prior 
to  shiimient,  the  instrumented  pack  was  calibrated  in  the  laboratory  to  correlate  peak 
shock  values  with  container  droj)  heights.  The  information  obtained  on  drop  height  was 
used  to  verify  the  reliability  of  previously  developed  design  criU'ria.  Future  plans  involve 
a more  ambitious  program  to  measure  environmental  conditions  extierienced  by  .Air  Force 
equi(»ment  in  world-wide  distribution.  This  information  is  n>quired  to  improve  design 
technicpies  and  the  reliability  of  performance  testing. 
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ADVANCES  IN  SHIPPING  DAMAGE  PREVENTION 


II.  Caruso  aiul  VV.  Silver,  II 
Westiufjliouse  Electric  C'orp.,  Baltimore,  Miiryland 


For  several  years  now,  Westinfjhou.se  Electric  Corporation  has  been  studying  the 
tnuisportation  of  loose  cargo  in  tractor-trailers  to  determine  how  products  are  damaged  in 
shipment  ajid  how  they  can  be  better  designed  to  resist  this  damage.  This  work  has  been 
the  joint  effort  of  Westinghouse’  Cori)orate  Traffic  Department  in  Pittsburgh,  its  Defense 
and  Electronic  Systems  Center’s  Product  Qualification  Laboratory,  and  Jones  Motor  of 
Spring  City,  Pennsylvania. 

There  is  good  reason  to  be  concerned  with  shij)ping  damage:  In  the  past  5 years, 
more  than  $350  million  worth  of  manufactured  goods  were  damaged  in  truck  shipments. 
Last  year  alone,  this  figure  exceedt'd  $75  million.  The  following  outlines  the  progress 
that  Westinghouse  has  made  in  measuring  the  road  transportation  environment  and  how  it 
has  developed  test  methods  and  .specifications  for  evaluating  j)roduct  survivability. 

A number  of  tractor-trailer  ty[)es  were  instrumented  with  accelerometers  at  several 
points  along  the  trailer  loading  beds  and  on  the  front  and  rear  axles.  Measurements  were 
also  made  at  the  fifth  wheel.  During  the  road  test  j)ha.se  of  the.se  studies,  each  factor  that 
might  have  contributed  to  shipj)ing  damage  was  investigated: 

• V’arious  tyj)es  of  susi)ension  systems  were  tested.  Among  these  were  conven- 
tional single  leaf  springs,  air  bags,  damjied  coil  springs,  and  rubber  isolators. 

• Tniilers  were  tested  with  varying  degrees  of  load,  from  lightly  loaded  to  half 
and  full  loads.  Measurements  showed  that  the  worst  ride  oicurs  in  a lightly 
loaded  trailer  over  the  rear  axle. 

• .Measurements  were  made  with  the  rear  wheels  in  their  forward,  rear,  and  center 
[lositions.  This  information  is  currently  being  analyzed. 

• Rides  were  measured  over  various  road  tyjies  including  city  streets,  unini|iroved 
back  roads,  interstate  highways,  and  sjiecial  test  tracks.  It  was  found  that  high- 
sjieed  driving  over  interstate  highways  produces  the  worst  ride  in  the  trailer. 

• The  man  in  the  cab  was  found  to  have  very  little  effect  on  the  ride  in  the 
trailer.  Road  tyjie,  ,s|)t'ed,  susiiension  system,  and  load  are  the  major  factors  in 
determining  ride  (juality. 

.Analysis  of  the  road  data  led  to  two  major  conclusions: 

• First,  it  was  found  that  certain  suspension  systi'ins  could  not  only  prevent  ship- 
ment damage,  but  al.so  reduce  the  road  stres.ses  that  lead  to  trailer  fatigue  and 
excessive  tin'  wear.  In  addition,  handling  would  bi>  improved  and  drivi'r  fatigue 
reduced  due  to  improved  rear  wheel  tracking. 

• Second,  a shijiping  test  sj)ecificat\on  was  develojied  to  ev;\luate  I'roduct  ami 
(lackage  designs  under  simulated  road  I'onditions. 
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In  a typical  loose  cargo  shipping  test,  the  product  is  placed  on  a simulated  trailer 
bed  mounted  to  a vibration  exciter.  Although  barriers  are  used  to  limit  sideways  travel, 
the  product  is  in  no  way  tied  down  to  the  vibration  fixture.  The  simulated  trailer  bed  is 
then  subjected  to  a random  vibration  input  that  produces  a “ride”  equivalent  to  the 
worst  eonditions  measured  during  the  road  studies.  These  conditions  are  found  over  the 
rear  axle  of  a lightly  loaded  trailer  travelling  at  higli  speed. 

Laboratory  tests  can  also  be  used  to  evaluate  package  designs  and  the  behavior  of 
reasonable  loading  configurations.  In  addition,  similar  tests  are  being  used  to  investigate 
the  behavior  of  the  trailer  bodies  themselves  and  to  evaluate  new  trailer  designs  and  con- 
struction techniques.  When  testing  is  completed,  the  test  report  serves  several  important 
and  distinct  puri)oses; 

• It  evaluates  product,  package,  and  truck  designs; 

• It  provides  specific  recommendations  to  increase  product  survivability  and  im- 
prove package  and  truck  design;  and 

• Because  it  documents  product  and  package  behavior  under  realistii'  shipping 
conditions,  it  can  help  to  settle  claims  disj)utes  that  result  when  .shipments  are 
damaged. 

The  road  transportation  environment  is  no  longer  a completely  unknown  cjuantity. 

It  has  been  measured,  analyzed,  and  duplicated  in  the  test  laboratory.  The  road  studies 
made  have  been  developed  into  shipping  test  standards  that  can  be  incorporated  into 
industrywide  regulations.  Using  technology  that  is  available  today,  it  is  possiiile  to  im- 
prove tractor-trailer  ride  cpiality,  increase  product  survivability,  and  substantially  lower 
ship[)ing  damage.  The  .same  technology  can  also  decrease  shiiipers’  overhead  expen.ses  by 
stretching  useful  trailer  life  and  reducing  tire  wear. 


EXPElllMENTAL  VERIFICATION  OF  UETERMININO 
IN-FLIGHT  VIBRATORY  LOADS  ON  HELICOPITIRS  USINtl 
ACCELEROMETER  DATA  AND  IMPEDANCE  MEASUREMENTS 


Joseph  11.  Mctlarvey  and  Felton  D.  Bartlett,  Jr. 

Langley  Directorate,  US.\AMRDL,  Langley  Research  Center,  X'irginia 

and 

Thomas  W.  Forsberg  and  William  G.  Flannelly 
Kaman  .Aerospace  Corporation,  Bloomfield,  Connectinit 


The  aci'urate  determination  of  the  magnituiles  and  phases  of  forci's  and  moments  ol 
various  harmonics  acting  on  a helicopter  in  flight  is  neci's.sjirA'  for  prai  tical  fatigue  and  re- 
liability testing  of  entire  helicopter  fu.selages  on  the  ground  and  important  to  stress  analy- 
sis, corroboration  of  rotor  loads  predirtions,  the  design  of  rotor  isolation  systi'ins  and  the 
design  of  dynamic  absorbers  and  other  methods  of  vibration  reiiiiction.  This  paper  de- 
scribes the  theory  of  determining  operational  forces  and  moment  s ;ind  I heir  phasings 
from  in-flight  fuselage  aceelerat  ions  and  shows  results  of  laboratory  testing  on  a sixty  inch 
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long  dynamic  model  of  a typical  helicopter  in  which  simultaneous  forces  were  determined 
to  within  5 percent  error  on  magnitude  and  4 degrees  error  on  phase. 


The  method  consists  of  first  ground  shaking  the  suspended  helicojjter  fu.selage,  on 
which  a greater  number  of  accelerometers  than  vibratory  loads  to  be  determined  have 
been  mounted,  so  that  the  mobility  of  each  accelerometer  coordinate  to  each  excitation 
coordinate  at  the  desired  harmonics  is  measured.  This  dynamic  calibration  may  also  be 
accomplished  by  shaking  the  aircraft  at  only  one  point.  The  second  step  is  to  record  the 
signals  of  each  accelerometer  during  the  flight  conditions  of  interest.  The  forces  and 
moments  and  their  phase  angles  at  each  harmonic  are  determined  by  multiplying  each 
harmonic  of  the  accelerations  by  the  pseudoinverse  of  the  rectangular  mobility  matrix  of 
that  harmonic. 

To  test  this  theory,  a sixty  inch  long,  fifty  pound  dynamic  model  of  a typical  heli- 
copter was  dynamically  calibrated  from  7.5  to  50  Hz  both  by  direct  hub  excitation  and 
by  single-point-shaking  theory.  Center  of  gravity  shifts  and  gross  weight  changes,  simulat- 
ing payload  variation  and  fuel  burnoff,  were  made  during  the  tests  on  the  dynamic  model. 
Fifteen  accelerometers  were  distributed  along  the  model  to  measure  both  vertical  and 
laterial  responses  and  were  oriented  to  give  independent  measurements  for  the  applied 
vibratory  loads.  Simultaneous  vertical  and  lateral  forces  of  various  magnitudes  and  phas- 
ing were  then  applied  to  the  dynamic  model  at  frequencies  both  near  and  distant  from 
the  natural  frequencies.  The  p.scudoinverse  of  the  mobility  matrix  and  the  accelerations 
measured  under  simultaneous  excitation  were  used  to  determine  the  magnitudes  and  phas- 
ings of  the  excitation  forces  and  these  determinations  were  compared  to  the  measured 
magnitudes  and  phasings  of  the  excitation  forces.  The  testing  showed  errors  of  less  than 
5 percent  on  magnitude  and  4 degrees  on  phase  of  the  excitation  forces  in  ail  practic-al 
cases.  The  highest  error  was  approximately  16  percent  in  a case  of  an  uncorrected  shaker 
restraint  peculiar  to  the  laboratory  setup  which,  in  this  instance,  did  not  accurately  re- 
flect flight. 

The  paper  will  present  the  basis  of  single-point-shaking  (SPS)  theory  showing  the 
conveniences  and  cross  checking  advantages  of  using  SI’S  theory  at  an  additional  point. 
Test  results  showing  that  SPS  theory  can  be  ai^plied  at  a point  or  points  of  convenience 
to  accurately  produce  the  mobilities  relative  to  excitation  points  which  have  not  been 
excited  will  be  pn>sented.  The  method  of  using  SPS  theory  for  the  separation  of  proxi- 
mate modes  will  be  described  along  with  actual  test  data  illustrations. 


COHERENCK  METHODS  USED  TO  DEFINE  TRANSMISSION 
PATHS  OF  AIRBORNE  ANTENNA  VIBRATION 

Jerome  Pearson  and  Roger  E.  Thaller 
.Air  Force  Flight  Dynamics  Laboratory,  Wright-Patter.son  AFB,  Ohio 


To  develop  s«>eur(',  reliable  communication  for  airborne  commai\d  posts,  the  .Air 
Fori'e  .Avionics  Laborator>’  has  been  investigating  the  use  of  super-high-freipiency  (SHF) 
terminals  to  communicate  between  aircraft  and  synchronous  .satellites.  .At  the.sc'  fre(|uen- 
cies,  near  8 OH/.,  Doj'pler  (Tfects  from  the  aircraft  motion  may  shift  the  signal  fn'quency 
by  several  kilohertz.  These  Doppler  effects  are  removed  by  a cominiter  ofx'rating  on  the 
inertial  navigation  .system  outputs.  The  additional  Dopi'U'r  c'ffects  dut'  to  antenna 
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boresight  vibration  are  not  corrected.  'I'he  angular  vibrations  of  the  antenna  in  elevation 
and  azimuth  cause  jjointing  errors  that  reduce  signal  strength.  These  effects  can  severely 
degrade  airborne  communications,  and  thus  are  limiting  factors  on  system  performance. 

To  measure  the  antenna  vibration  and  to  determine  the  vibration  transmission  paths, 
the  Air  Force  Flight  Dynamics  Laboratory  flight  tested  a transport  aircraft  equip|)ed  with 

an  Avionics  Laboratory  SHF  terminal  communicating  with  a synchronous  .satellite.  This  j 

paper  is  a di.scussion  of  the  determination  of  the  vibration  transmission  paths  performed  ] 

on  test  data  acquired  during  cruise.  j 

J 

The  data  were  analyzed  to  determine  the  source  of  the  vibration  by  using  coherence 
functions.  The  responses  of  the  antenna  in  pointing  (elevation  and  azimuth)  and  the  re- 
sponse along  the  line  of  sight  (boresight)  were  considered  to  be  the  outputs  of  a linear 
system.  The  vibrations  of  the  antenna  pedestal  in  three  linear  directions  (vertical,  lateral, 
and  longitudinal)  and  in  two  angular  directions  (roll  and  pitch)  and  the  noise  in  the  an- 
tenna fairing  were  considered  to  be  the  inputs  to  this  linear  sy.stem.  The  relative  impor- 
tance of  all  these  inputs  in  causing  the  antenna  responses  was  evaluated  by  using  the  fol- 
lowing types  of  coherence:  pairwise,  multiple,  marginal  multi(ile,  conditional  pairwi.se, 
conditional  multii>le,  and  marginal  conditional  multiple. 

The  results  of  multi[)le  coherence  analysis  show  that  the  responses  of  the  antenna  at 
its  important  re.sonant  frequencies  are  well  accounted  for  by  the  chosen  inputs  of  (>edestal 
vibration  and  fairing  noise.  The  results  further  show  that  the  mam  antenna  boresight  ex- 
citation is  a function  of  the  pedestal  longitudinal  vibration,  and  that  the  resi>onses  in  ele- 
vation and  azimuth  are  due  to  excitation  produced  by  the  other  pede.stal  inputs.  The 
fairing  noise  ininit  has  little  effect  on  any  of  these  low-frequency  modes.  The  results  of 
this  flight  vibration  test  and  coherence  function  analysis  show  that  these  techniques  can 
be  ai)i>lied  to  practical  flight  vibration  problems  and  can  produce  the  necessary  informa- 
tion tt)  proceed  with  effective  vibration  reduction. 


DEVELOPMENT  OF  COMPONENT  RANDOM  VIBRATION 
REQUIREMENTS  CONSIDERING  RESPONSE  SPECTRA 

C.  Stable  and  11.  K.  Gongloff 
General  Electric,  S[)ace  Division,  Philadelphia,  PA 

and 

\V.  B.  Keegan 

NASA,  Goddard  Space  Flight  Center,  Greenbelt,  MD 

.\  method  of  determining  component  random  vibration  rcHjuirc'ments  from  nu-asured 
data  is  presented  which  ('nables  the  final  specifications  to  be  placed  on  a statistical  l>asis. 
The  statistical  analysis  of  measurements  has  become  the  accepted  method  of  developing 
component  vibration  reiiuiri'ments  although  several  api'roaches  havi'  bi'im  proposed.  The 
early  work  of  Condos  and  Barrc'tt  statist ieally  analyzed  th(>  peak  PSD  values  in  fre(|uencv 
bands  while  the  more  recent  work  of  Keegan  analyzed  PSD  values  at  tliscrete  freipiencies. 
.After  I'ompleting  the  statistical  anal>sis  of  the  PSD  values,  a selected  percentile  was 
envf'loped  to  tletermine  the  componi'nt  random  vibration  re(|Uirements,  The  abo\e 
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proctHiures  lose  their  statistical  significance  and  usually  employ  arbitrary  factors  to  assure 
the  adequacy  of  the  components  for  the  vibration  environment.  The  purpose  of  this 
paper  is  to  present  a method  of  developing  component  vibration  requirements  which  re- 
tains the  statistical  significance  of  the  procedure  so  that  more  meaningful  reciuirements 
are  specified. 

The  random  response  spectra  (RRS)  of  the  ensemble  of  measurements  is  used  to 
determine  the  best  method  of  analyzing  the  PSD  data.  The  RRS  is  defined  in  a similar 
manner  as  shock  response  spectra.  The  RRS  is  the  RMS  re.sj)onse  of  a single-degree-of- 
freedom  oscillator  as  a function  of  the  oscillator  frequency.  The  RMS  response'  is  con- 
sidered to  reflect  the  damaging  effects  of  the  random  vibration  environment.  Because  it 
is  not  practical  to  develop  RRS  data  for  the  large  amount  of  e.\isting  measurements,  the 
objective  of  this  study  is  to  develop  a method  of  analyzing  PSD  spectra  such  that  the  re- 
sulting RRS  preserves  the  statistical  characteristics  of  the  RRS  of  the  ensemble  of  meas- 
urements. 

Four  methods  of  sami>ling  PSD  spectra  are  evaluated.  The  s|)eclra  were  measured  at 
subsystem  mounting  locations  during  spacecraft  level  acoustic  tests.  The  spectra  are  ana- 
lyzed using  one-si.\th  octave  frequencies  to  define  frequency  bands  or  sampling  frequen- 
cies. The  PSD  spiH.'tra  are  sampled  using  (1)  the  peak  value  in  a band,  (2)  the  average 
value  in  a band,  (3)  a reduced  peak  value  in  a band,  and  (4)  the  actual  PSD  value  at  dis- 
crete frequencies.  The  reduced  peak  value  provides  a 3 dB  reduction  of  narrow  band 
peaks  or  the  selection  of  the  jieak  value  if  it  is  not  a narrow  band.  For  each  sampling 
method,  the  PSD  values  are  statistically  analyzed.  Although  both  Weibu!  and  Log  Normal 
distributions  were  evaluated  using  the  method  of  residuals,  the  Log  Normal  distribution 

provides  the  best  fit  to  the  data.  i 

I ^ 

I Random  Response  Spectra  obtained  for  the  ensemble  and  from  the  four  sampled 

! PSD  spectra  were  used  to  evaluate  the  best  sampling  method.  The  individual  PSD  lurves 

were  digitized  using  an  APPLlt'ON  Tabletizer  to  provide  a replica  digitization  of  the 
curves.  These  curves  were  analyzed  digitally  to  determine  the  one-sixth  octave  RRS  for 
each  measurement  and  the  RRS  were  analyzed  statistically.  For  each  .sampling  method, 
the  sampled  PSD  spectra  were  statistically  analyzed  and  for  various  proliability  levels,  the 
RRS  were  computed.  The  comparison  of  these  RRS  with  the  ensemlile  RRS  at  st'veral 
probability  values  indicates  that  the  best  sampling  method  is  using  discrete  frequency 
sampling. 

Smoothed  spectra  having  a desired  probability  value  are  obtained  using  the  sample  ^ 

or  ensemble  RRS  statistical  properties.  Considering  components  to  have  a singh-  failuri' 
mode  which  can  occur  with  equal  likelihood  at  any  freciuency,  tin'  HHS  of  the'  smoothed 
.spectrum  is  placed  on  a statistical  basis.  The  smoothed  spt'clra  are  than  shiftt'd  and 
shaped  to  obtain  the  dt'sin'd  probability  value  with  a minimum  di'viation  from  the  desired 
spectrum. 
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STATISTICAL  DETERMINATION  OF  RANDOM  VIBRATION 
REQUIREMENTS  FOR  SUBASSEMBLY  TESTS 


John  M.  Mcdat;lia 

Genoral  Electric  Company,  V'alley  Forge,  I’ennsylvania 


A method  for  determining  random  vibration  retpiirements  for  subassemhly  level  test- 
ing is  presented  and  applied  to  the  Japanese  Broadcast  Satellite  Experiment  (BSE)  Trans- 
ponder. The  BSE  Transponder  assembly  is  a two-tiered,  2.5  foot  by  -1.5  foot  structure 
which  supports  numerous  electronic  comiionents  and  weighs  ap|iroximately  175  pounds. 
The  structure  is  magnesium  sheet  stiffened  with  (>xtruded  and  formed  members.  It  forms 
o>'e  side  of  the  box  structure  of  the  satellite.  A test  at  only  the  component  level  is  not 
adequate  for  the  Transponder  assembly  because  of  the  many  waveguide  connections  bt'- 
tween  components  and  the  numerous  small  devices  embedded  in  the  waveguide  itsijf. 
Performance  evaluation  of  the  Transponder  can  be  done  only  as  a complete  assembly. 
Therefore,  a subassembly  test  of  the  Transi)onder  is  necessary.  The  purpose  of  this  paper 
is  to  present  a method  for  specifying  the  random  vibration  retpiireinents  for  hardmount 
testing  of  the  assembly  which  are  compatible  with  the  vibration  requirements  aiqtlied  to 
the  individual  electronic  packages. 

The  need  for  a practical,  realistic  method  for  sjiecifying  the  random  vibration  rixiuire- 
ments  for  the  assembly  was  confirmed  by  the  Engineering  Model  (E.M)  test  of  tin*  Trans- 
()onder.  The  EM  test  inputs  were  partially  defined  analytically  by  enveloping  the  pre- 
dicted PSD  responses  to  the  1. -tl  transfer  functions  and  shajiing  the  inputs  using  coni|)onent 
test  specifications  as  a guide.  'The  final  test  in|)Ui  levels  for  eai'h  axis  were  defined  during 
the  test  .since  the  finite  element  model  was  not  sufficiently  aci'urate.  The  in)>uts  were  aii- 
justed  so  that  the  Uq^Ms  l5e  maximum  resixinding  accelerometer  was  within  lO'r  of 
the  of  the  component  specification,  but  the  Power  Spectral  Density  (PSD)  peaks 

were  allowed  to  exceed  the  component  sper’ificalion  by  10  dB.  No  minimum  response 
levels  were  set.  The  responses  were  characterized  by  large  variations  in  PSD  and  no  loca- 
tion resembled  the  component  spc'cification  environment  in  PSD  shape.  Bi'tter  matching 
of  the  PSD  ri'spon.se  to  thi'  compt)nent  .specification  would  have*  retiuired  impractical  i put 
shapes.  The  response  behavior  of  the  subassi'mbly  in  th(>  hartl  mounted  EM  test  shoul  i 
represent  the  major  suba.ssembly  modes  which  will  be  excit('d  on  the  spacecraft.  The  /)- 
put  levels  of  the  EM  test  ))rovided  the  data  base  for  the  behavior  of  tin*  Transponder. 

'The  un.satisfai'tory  accuracy  of  the  analytic  model  and  the  confusing  variety  of  response 
data  from  the  E.M  test  demonstrated  the  need  for  a mi'thod  to  develop  consenative  but 
realistic  in[)uts  that  simulate  the  effect  of  flight  environments  on  components. 

The  Random  R('spon.se  ,Spectra  ((q{MS  fkm'age  potential)  due  to  (hi‘  siiba.ssembl\ 
re.s|)on.se  and  due  to  the  I'omponent  random  vibration  t('st  sjiecification  wcri'  compai'ed  at 
several  probability  levels  to  (‘stablish  t(>st  input  levels.  Th(‘  componiMit  lest  specd'ication 
was  developed  by  enveloping  data  from  several  previous  s|)acecraft  at  selected  probability 
levels  ami  as  such  represents  a realistic  PSD  environment  across  the  freipiency  band  of  in- 
terest (20  to  2000  Hz).  The  eiiuivalenl  damage  of  com|)onent  piece-parts  was  (|uan(ized 
by  calculating  the  responses  of  Single  Degree  of  Freeilom  oscillators.  Eai  h reso 

nance  was  cmisidered  to  have  equal  probability  of  being  the  critical  failure  mode  The 
PSD  of  the  component  spi-cification  and  the  P.SD  response  of  the  Transponder  assembl\ 
were  stimuli  to  the  ,SDF  oscillators.  When  the  (qj^gv;  res)ionses  due  to  I'ach  stimulus  wen' 
Silt isfaclorily  matched,  the  input  levels  were  defined.  This  method  considered  points  on 
the  iis.sembly  with  high  response  and  low  response  to  represent  actual  flight  comi itioiis. 


There  were  several  distinct  steps  in  developing  the  random  vibration  test  in(mt  speci- 
fication for  the  BSE  Transponder.  The  environment  was  statistically  defined  by  the  Com- 
ponent Acceptance  Test  specification,  consisting  of  data  from  several  previous  spacecraft. 
The  PSD  responses  of  59  accelerometers  at  component  mounting  locations  on  the  EM 
Transponder  were  replicated  by  digitization  for  each  of  the  three  axes  of  vibration.  The 
SDF  Gp^jg  response  to  the  replicated  PSD’s  was  cominited  at  41  discrete  (1/6  octave) 
frequencies  for  each  of  the  59  accelerometers.  The  Gpj\jg  values  were  fit  to  lognormal 
distributions  and  a mean  (ju)  and  standard  deviation  (a)  obtained  for  each  of  the  41  fre- 
quencies. The  PSD  replicas  were  sampled  at  the  41  discrete  frequencies  and  the  and  a 
of  the  PSD  response  was  obtained.  At  several  probability  levels,  the  Gpj^jg  due  to  the 
sampled  PSD  was  compared  to  the  Gff^^g  due  to  the  rei>licated  PSD  and  good  agreement 
was  found.  The  Gjjj^jg  due  to  the  component  specification  PSD  was  compared  at  several 
probability  levels  to  the  Grms  due  to  the  EM  Transponder  PSD  response.  The  ratio  of 
these  two  Gp^^jg  levels  was  used  to  analytically  reshape  the  EM  PSD  in|uit  (and  thereby 
the  EM  PSD  response)  until  the  Gp^j^jg  due  to  the  EM  data  satisfactorily  matched  that 
due  to  the  Component  Environmental  Specification.  The  preliminary  input  levels  used  in 
the  EM  test  were  found  too  high  below  250  Hz  and  too  low  from  500  to  1200  Hz. 

After  reshaping,  the  Gp^^pg  ratios  averaged  less  than  1.05  and  at  discrete  frequencies  the 
ratios  showed  k'ss  than  a 409f  difference.  This  is  analogous  to  the  component  S|iecifica- 
tion  which  allows  a ±10%  tolerance  on  the  overall  Gppj^jg  and  a ±3  dB  tolerance  on  the 
PSD  peaks.  The  comparison  of  the  Transponder  PSD  shape  and  the  component  sj)ecifica- 
tion  PSD  showed  an  average  ratio  of  1.19  and  peak  ratios  of  from  .26  to  3.68  even  though 
the  Gp^j^pg  levels  matched  satisfactorily. 

A method  has  been  developed  and  ajiplied  to  the  BSE  Transponder  which  will  enable 
realistic  subassembly  random  vibration  requirements  to  be  specifitnl.  Close  mati  hing  of 
PSD’s  is  apparently  not  required  to  obtain  equivalent  damage.  With  sufficient  data,  the 
PSD  response  may  be  sampled,  statistically  defined  and  used  to  calculate  the  Gpp^pg  of  a 
subassembly,  eliminating  the  costly  calculation  of  the  Gp^^pg  s|)ectra  from  rei)licas  and 
then  getting  a statistical  definition  to  the  Gp^^pg  values.  Subassembly  testing  has  several 
advantages: 

• Does  not  limit  environment  to  i)rescribed  level. 

• Represents  dynamics  of  assembly. 

• Enables  better  performance  monitoring  and  assembly  qualification. 

• Can  be  less  expensive  than  requiring  many  comi>onent  tests. 

Summary  of  Method 

• Sample  PSD  responses  on  subas.sembly. 

• Statistical  analysis  of  sami>led  PSD  resiionst's. 

• Cali-ulate  Gpj^^pg  from  sami)led  PSD. 

• Calculate  Gppj^pg  from  component  specification. 

• Comiiare  Gp{\pg  values  and  shat'c  test  input  until  Gqi^pg  iigree  at  various  proba 
bility  levels. 
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EVALUATION  OF  THE  HARPOON  MISSILE 
AIRCRAFT  LAUNCH  EJECTION  SHOCK  ENVIRONMENT 


James  A.  Zara  and  John  L.  Gubser 
McDonnell  Douglas  Astronautics  Corp.,  St.  Louis,  MO 

and 

Allan  G.  Piersol 

Bolt,  Beranik  & Newman  Corp.,  Canoga  Park,  CA 
and 

William  N.  Jones 

Naval  Weapons  Center,  China  Lake,  CA 


E.Ktensive  shock  environment  measurements  were  made  on  the  Ihu'poon  missile  dur- 
ing simulated  aircraft  launch  ejections  conducted  at  the  Naval  Missile  Center  Ground  Kjei'- 
tion  Test  Facility,  Pt.  Mugu,  California.  A series  of  eleven  ejections  were  i)erformed  on 
the  test  missile  using  both  the  M.\U-9A  and  the  ZERO-7A  ejection  racks.  Two  diffennit 
cartridge  sizes  (10  klbs  and  20  klbs)  were  evaluated.  Up  to  three  ejections  were  j)er- 
formed  for  some  of  the  rack /cartridge  combinations  to  obtain  a measure  of  repeatability 
in  the  test  results.  A total  of  30  ac'cel<>rometers  wen'  u.sed  to  obtain  .shock  response  meas- 
urements of  major  eciuipments  installation  and  of  structure  at  points  along  the  length  of 
the  missile.  The  shock  response  time  histories  were  rediicf'd  to  shock  .spectra  and  in  .some 
ca.ses  energy'  spectra.  The  .shock  s|K'ctra  were  th(>n  sUitistically  analyzed. 

The  results  yielded  some  conclusions  which  are  of  general  interest  to  the  high  impact 
shock  environments  of  structures  other  thmi  Harpoon.  For  exami)le,  an  evaluation  of 
ilata  from  repeated  tests  using  the  same  ejection  rack  and  charge  size  revealed  close  agrt'c- 
ment,  on  the  average,  in  the  shock  spectra  values  at  fre(|uencies  below  1000  Hz.  but  sig- 
nificant differences  in  the  values  at  higher  freciuencii's.  Tlu'se  n-sults  illustrate  that  the 
resiionse  of  structures  to  tin  impact  lyi'c  lotiding  can  be  very  sensitive  at  the  higlier  fre- 
(luencies  to  minor  changi's  in  the  manner  in  which  the  initial  load  conlai’l  is  madi'.  On 
th(>  other  hand,  when  the  ejection  charge  size  was  iloubled,  tl  shock  spectra  ol  tlie  mis- 
sile re.spon.se  increa.sed  significantly  at  fre(|ueiu  ies  below  1000  Hz,  as  would  lie  ex|M'ctcd, 
but  ilid  not  increase  at  the  higher  freiiuencies.  .Again,  the  results  indiiaite  thtit  the  high 
frc((ucncy  respon.se  is  dominated  by  factors  other  than  just  the  total  ini|iact  energy. 

Other  coiu  lusions  of  the  study  ;ue:  (a)  the  structural  response  at  a given  location  is 
not  significantly  different  among  the  three  orthogonal  axes,  (b)  the  response  iloes  dimin- 
ish rapidly  with  distance  from  the  point  of  impact,  and  |c)  the  responsi'  is  not  signifi- 
cantly different  for  different  ejection  racks,  given  the  same  charge  size.  The  paper  con- 
cludes with  suggestions  on  the  shock  testing  of  missile  components. 


DEVELOPMENT  OF  SHIP  SHOCK  LOAD  TEST  FOR 
ROM-8A  MISSILE  (HARPOON) 


T.  L.  Eby 

Pacific  Missile  Test  Center,  Point  Mugu,  CA 


The  environmental  design  criteria  for  the  HARPOON  missiU>  specified  ship  shoi  k 
loads  for  the  three  principal  missile  axis.  The  shock  load  is  specified  as  a trapezoid  accel- 
eration puLse  of  thirty-five  milliseconds,  with  ten  millisecond  ramps  to  the  pi'ack  accelera- 
tion level.  This  paper  discusst>d  the  development  of  the  device  to  verify  these  m issue  d(>- 
sign  load  requirements.  'I'he  design  verification  test  was  developed  and  perh)rmed  using  a 
large  shock  facility  at  the  Pacific  Missile  Test  Center.  The  specified  .shock  pulse  .shai)e 
was  obtained  by  using  a combination  of  Belleville  (disk)  springs  as  the  impact  energy 
transferring  device. 

Belleville  springs  are  characterized  by  non-linear  load  deOection  curves.  The  load  de- 
flection curve  requirements  were  determined  by  graphical  techniques.  .\  series  combina- 
tion of  two  sets  of  nested  Bt'lleville  springs  were  designed.  The  first  set  was  designed  to 
develop  the  pulse  ram()s.  I’he  second  set  was  designed  with  pre-loads  to  develop  the 
maximum  acceleration  level.  The  conservation  of  energy  and  conservation  of  momentum 
equation  were  used  to  determine  the  correct  parameters  for  the  shock  machine  and  spring 
devices. 

The  Belleville  spring  device  was  mechanized,  using  commercially  available  springs. 

The  springs  were  selected  and  in.stalled  on  a thrt'aded  cylinder.  The  lower  set  of  springs 
was  pre-loaded  to  the  desired  load  eluu'acteristics.  Tht'  upper  .set  of  springs  was  held  in 
place  with  a retaining  ring  and  impai't  surface.  The  impact  resulted  in  the  initial  com- 
pression of  the  upper  springs  until  the  pri’-load  level  of  the  lower  springs  was  overcome'. 

.At  this  point  thi'  cTitire  spring  arrangement  acted  as  a single  .serif's  non-linear  sjering  until 
the  eiK'rgy  of  the  impact  was  absorl)ed. 

A tt'st  vt'hicli'  was  use-d  to  verify  the  n'sults  of  the'  analytical  and  graphic  work.  This 
iiu'rt  ti'st  vehicle'  was  used  to  resolve  test  configuration,  test  I'l'centricities  and  instrume'ii- 
tatieen  proble'tns.  The  de'sign  data  and  actual  te-st  re'sults  ceimpare'd  favoral)ly  with  the  de- 
sign I'rite'ria. 
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ISOLATION  AND  DAMPING 


THE  MEASUREMENT  OF  DAMPING  AND  THE  DETECTION  OF 
DAMAGES  IN  STRUCTURES  BY  THE  RANDOM 
DECREMENT  TECHNIQUE 

J.  C.  S.  Yang  and  D.  W.  Caldwell 
University  of  Maryland,  College  Park,  Maryland 


VVlien  physical  structures  are  subjected  to  random  forces,  certain  internal  vibrations 
are  set  up  within  the  structure  as  it  absorbs  the  energy  imparted  to  it.  In  some  cases,  the 
energy  imparted  may  cause  stresses  which  exceed  the  strength  limitations  of  the  structure 
and  which  may  result  in  a failure  of  the  structure.  To  prevent  the  failure  of  a structure 
two  areas  of  engineering  need  to  be  more  thoroughly  investigated.  One  such  luea  is  struc- 
tural damping.  Small  cracks  and  localized  failures  of  the  structural  elements  often  have  a 
significant  effect  on  the  vibration  response  characteristics  of  the  structure  long  before  they 
are  significant  enough  to  lx*  visually  detectable.  Damping  is  one  of  the  characteristics 
which  changes.  Damping  is  the  means  by  which  structures  absorb  energy  and  signific;uit 
changes  in  damping  is  therefore  very  meaningful.  The  precise  measurement  of  diunping 
is  therefore  highly  important  to  the  economic  design  and  reliable  analysis  of  large 
structures. 

Various  attempts  have  been  made  to  provide  means  for  obtaining  structural  damping 
information  used  in  the  design  of  structures  and  used  in  the  monitoring  of  the  response 
to  the  applied  forces.  Although  various  *^ypes  of  apparatus  and  techniques  are  available 
for  measuring  structural  responses  to  rtndom  vibrations,  the  data  obtained  is  usiuilly  so 
complicated  that  an  observer  cannot  readily  determine  when  a sig!iificant  change  in  the 
structural  response  occurs.  Most  of  these  techniques  are  only  suitable  for  use  under  con- 
trolled laboratory  conditions  and  are  of  little  use  for  structures  in  service. 

A simple,  direct,  and  precise  method  is  needed  for  translating  the  response  time 
history  into  a form  meaningful  to  the  observer.  The  piU'ameter  choosen  to  examine  the 
structure  should  be  sensitive  to  changes  in  natural  frequency  and  damping  factor.  Spectral 
power  density  has  been  considered,  with  diunping  measured  by  the  half-power  point  band- 
width method,  but  this  was  found  to  have  a large  measurement  viu'ianci',  esix'cially  when 
the  bandwidth  was  small.  In  addition,  when  two  modes  iU'e  close  this  method  cminot  be 
applied.  Erroneous  answers  were  obtiiined  when  assumed  linear  systems  were  actiuilly 
nonlinear,  a problem  which  could  not  be  detected  unless  the  input  was  also  measured. 

The  autocorrelation  function  was  investigated  as  an  alternative  wherein  damping  daUi  was 
obtained  from  the  logarithmic  decrement.  The  problem  with  the  use  of  auUicorrelation 
signatures  is  that  the  level  of  the  curve  is  dependent  on  the  intensity  of  the  random  in- 
put, and  in  a natural  environment  this  can  seldom  lx*  measun'd  or  controlled.  If  th<* 
structure  is  a linear  system,  the  level  changes  can  ly*  compensated  for  by  normalizing  tlv 
curves,  but  if  the  structure  is  nonlinear  (as  is  often  tlie  ca.se),  a diffen*nt  signature  will  lx* 
obtained  with  each  level  of  excitation.  Therefore,  correlation  functions  can  only  he  used 
with  linear  systems  and  by  knowing  the  input. 
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Another  area  that  needs  development  is  the  detection  of  crack  initiation  and  growth. 
I’resent  methods  of  crack  detection  include  visual  inspection  and  acoustic  emissions.  .\1- 
though  acoustic  emissions  can  detect  flaws  in  assembly  line  comparisons  it  is  highly  un- 
likely that  under  conditions  of  high  ambient  noise  level  such  as  is  encountered  in  aircraft 
flight  that  this  method  can  be  applied.  In  addition,  it  is  obvious  that  visual  inspections 
are  useless  when  cracks  develop  within  the  interior  of  a structural  material. 

RANDOMDKC  ANALYSIS 

A technique  called  “Random  Decrement’’  has  been  developed  and  explored  which 
advances  the  state-of-the-art  in  measuring  precise  damping  values  and  in  the  detection  of 
crack  development  and  extension  in  structures  subjecU'd  to  random  excitation  when  only 
response  data  is  available.  The  analysis  of  the  output  of  a system  subjected  to  an  unknown 
random  input  yields  a signature  similar  to  the  autocorrelation  function  in  that  it  is  the 
free  vibration  decay  response  of  the  system.  However,  the  main  difference  is  that  tlie 
amplitude  of  the  signature  can  be  chosen  independently  of  the  output  level.  Therefore, 
innumerable  signatures,  each  at  a different  amplitude,  can  be  obtained  from  a given  time 
history  and  the  shape  of  each  signature  is  independent  of  the  level  of  the  input.  .Non- 
lineiir  effects  such  as  amplitude  dependent  damping  can  be  measured  and  a repeatable 
signature  for  damage  detection  can  be  obtained.  The  ability  to  obtain  signatures  for 
different  modes  enables  one  to  measure  damping  precisely  and  to  detect  damage  before 
the  overall  structural  integrity  is  affected. 

Damping  ratios  wore  computed  using  this  technique  for  several  modes  of  randomly 
excited  panels,  Ix-ams,  and  bones.  These  damping  ratios  compared  .satisfactorily  to  damp- 
ing ratios  which  were  computed  from  the  power  spectral  density  method.  Standard  ran- 
domdec  signatures  were  established  for  all  the  structures.  Damages  were  detected  l)y 
observing  the  changes  in  the  establi.shed  signatures.  Notches  which  simulated  cracks  were 
induced  into  two  of  the  Ix'ams.  The  effects  of  these  notches  on  the  beams’  signatures 
were  present<'d. 


SURF.\CK  VIBRATION  RKDIT'TION  OF 
MARINF  PROITfl,SION  CFARBO.XFS 

F.  V.  Thomas  and  A.  .1.  Ro.scoe,  111 
Naval  Ship  Re-search  and  Developme-nt  Ce-nte-r 
.Annapolis,  Maryland 

The  gear  induced  noise  from  high  power  marine-  pre)pulsie)ii  syste-ms  e-ause-s  a lie-aring 
he-altli  lia/iud  te>  the-  ship.s  cre-w.  Oene-rally,  ge-arheexe-s  are-  re-seenanl  in  large-  are-as  a e-e)neli- 
tieen  which  amplifie-s  the-  vibratiern  at  spe-e  ifie-  spe-e-els.  The-  re-seenant  e-ase-  is  e-;Lsily  atle-nu- 
ate-el  by  applicalie)ii  e>f  a elamping  tre-atme-nt.  The-  re-elue'tie)n  eif  llie-  airbeirne-  neiise-  eiue-  te> 
the-  ge-arl)e)x  e-an  be-  ace-eimplishe-el  liy  re-elucing  (he-  viliratieen  of  (he-  raeliating  surface-.  The 
tx-st  way  te)  ae-e-eHiiplish  vileratieen  re-duetieen  eef  tlie-  ge-arbo\  is  tee  apply  a e-eentinueeeis  mass 
e-eeve-r  suspe-neli  el  e>ti  a seift  iseelating  spring.  .\  e-eenstraiiie-d  laye-r  e>f  elamping  mate-rial  with 
se-ale-el  e-elge-s  e>n  the-  e-e>nstraint  plate-  e-an  lie-  ele-sigiie-d  tei  carry  out  striie-lural  damping  and 


(IS 


L 


vibration  isolation.  The  evaluation  of  the  acoustic  transinissibility  is  simplified  to  vibra- 
tion transmissibility  me;isurement  and  measurement  of  covered  and  uncovered  arc-as. 
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To  design  an  effective  noise  rt'duction,  a damping  spring  like  maU*ri;il  is  utilized  to 
produce  a viscoelastic  shear  layer  bt'tween  tlie  gearliox  and  the  constraining  plate.  The 
constraining  plate  is  edge-s(>aled  with  a rubber  caulk  to  contain  tlie  acoustic  energy  radi- 
ated from  the  gearbox.  The  constraining  plate  mass  is  designed  to  have  a low  resonant 
frequency  when  mounted  on  the  spring-like  material.  The  composite  produces  a moder- 
ate level  of  structural  damping  and  a vibration  isolation  of  the  constraining  plate  alx)ve 
300  Hertz. 

Additional  vibration  reduction  will  result  if  a second  layer  of  isolated  mass  is  ajiplied 
over  the  damping  layer  velocity  isolator.  This  layer  is  developed  with  a closed-cell,  fire- 
resistant  foam  as  the  spring  layer,  and  a limp  lead  loaded  vinyl  sheet  as  the  mass  layer. 

The  combination  is  designed  as  a compound  mounted  system  with  the  resonances  well 
bt'low  the  frequencies  of  maximum  attenuation  desired.  Standing  wave  resonances  ar(> 
designed  to  b<‘  above  maximum  attenuation  frequencies.  The  compound  isolator  design 

produces  effective  attenuation  over  a decade  of  fre()uency.  ; 

1 

As  in  any  radiating  surface  attenuation,  the  total  proportion  of  noise  reduction  ■ 

viuries  as  the  sum  of  surface  velocities  squared  per  unit  area  of  treated  and  untreated  i 

surfaces  to  the  average  velocity  squared  per  total  ;m“a.  One  hundred  per  cent  coverage'  | 

is  not  possible  since  some  areas  must  be  left  uncovc'red  for  inspc'ction,  shafts,  gauges,  and  ^ 

piping.  This  limitation  results  in  a coverage  of  about  97%  which  reduces  the  attenuation  j 

of  the  treatment  to  25  dB.  i 


RKSPONSE  .ANALYSIS  OF  A SYSTEM  WITH  DISCREET  DAMPERS 

G.  K.  Hobbs,  D.  J.  Kuypor,  and  J.  J.  Brooks 
Santa  Barbara  ResoariHi  ('('nh'r 
Goleta,  ('alifoniia 


The  N.A.S.A-sjionsored  SMS  Spacecraft  is  a Synchronous  Meleoroligiciil  Satellite  having 
its  the  primary  instrument  a Visible  Infrared  Spin-Scan  Radiometer  (VISSR).  The  infrared 
channels  of  the  radiometer  use  HgCd're  detectors  which  must  be  cooled  to  less  than  90° K 
for  operational  u.se.  .A  two-stage  pa.s.sive  radiation  cooler  is  used  to  obtain  the  low 
ti'inperature. 

The  radiation  cooler  which  supports  and  cools  the  two  infran'd  detectors  is  optically 
aligned  to  the  radiometer  telescope  axis.  'I'he  major  cooler  component-s  are  an  ambient 
housing  and  sun  shield,  intermediab'  stage,  and  cold  stage.  The  sun  shield  specularly  re- 
flei'ts  to  space  unwanted  soliU"  energ>'  entering  the  cooler  during  summer  solsticf'.  Thr' 
intermediate  stage  supports  the  cold  stage  (detector  sUige)  and  thermally  di'cou|)les  the 
cold  stage  from  ambi<>nt  .source  radiation.  High  emitUinee  radiators  on  both  sUigc's  I'lnit 
long-wavelength  en(>rg>’  to  low-temperature  s|)aee,  thereby  lowering  the  temi)erature  of 
each  stage  until  thermal  equilibrium  is  reai'lu'd. 

'I’he  cooler  interstage  support  members  have  severely  eontradietory  design  re<|uire- 
ments.  Interstage  heat  transfer  (radiation,  conduction  I must  be  reduced  to  veiy  low 
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levels  if  the  detectors  are  to  reach  their  operational  tt'inix'rature,  but  a ripd  interstage 
support  structure  is  needed  to  raise  the  cooler  vibration  mode  frequencies  above  the 
princi[ial  launch  excitation  frequencies,  .\l.so,  large  thermal  gradients  Ix'tween  stages 
I (250°K,  overall)  must  Ix'  accommodated  during  operation,  while  maintaining  detector 

I alignment  within  0.001  inch. 

I A glass-epoxy  composite  material  was  selected  for  the  interstage  support  memlK'rs. 

j Ix'cause  of  its  high  strength/conductivity  ratio.  The  interstage  support  members  were 

j ;uT;mged  like  pretensioned  s{>okes  in  a wheel.  The  use  of  six  tension  members  (xt  stage 

I mainhiined  a statically  determinant  system. 

Kach  membt'r  was  fabricated  in  a configuration  much  like  a rubber  band-a  continu- 
ous structure  wrapped  around  a cylindrical  support  at  each  end.  'I'his  configuration  was 
selected  to  minimize  the  stress  concentration  at  the  end  attachments.  The  unidirectional 
glass-epoxy  bands  were  fabricated  from  continuous  “S”  gla.ss  rovings  pre-impregnated  with 

epoxy  resin.  This  design  yielded  a typical  strength  of  about  220,000  psi,  with  a tensile  j 

modulus  of  alx)ut  9 X 10^  psi.  I 

Creep  relaxation  during  service  was  not  found  to  be  a problem,  but  the  duration  and 
level  of  vibration  exposure  were  found  to  bt'  criticiU  to  the  fatigue  life  of  the  fiberglass 
bands.  Random  vibration  was  found  to  lx*  pju'ticularly  criticiil. 

The  analysis  and  test  of  a structural  model  cooler  showaxl  very  higli  dynamic  magt)i- 
fication  factors,  as  much  as  100  to  1 tx'tween  stages.  Sur\'iv;il  of  launch  was  not  expected. 

Discrec't  danqx'rs  were  inserted  into  the  mathematical  model  and  parametric  analyses  run 
to  determine  the  optimum  placement,  ty)X',  and  value  of  the  dampers.  In  additit)n,  stiff- 
nesses were  varied  in  tiie  search  for  maximum  fatigue  life.  The  structure  was  found  to  l>e 
very  sensitive  to  small  parameter  changes  due  to  the  interplay  Ixdween  the  five  |>rincipal 
piU'ticipating  modes  of  vibration  ;md  the  frequency  dependent  input  vibration  levels. 

Final  selection  of  damping  was  to  use  a tuned  elastomeric  auxiliary  mass  dami'cr  on  the 
cold  stage  and  to  mount  the  sun  shield  on  elastomeric  bushings.  'I'lie  elastomeric  bu.sh- 
ings  allowed  the  sun  shield  to  vibrate  out  t)f  phase  witli  the  intermetliate  stage  at  the 
critic;il  frequency  and,  in  so  doing,  to  flex  the  elastomer  and  dissi|>ate  energv’. 

Tests  run  on  the  configuration  which  evolved  show(><l  good  agreement  with  analyt 
ical  results,  and  to  date,  two  flight  units  have  been  launched  witli  complete  success. 


TIIK  APri-K  ATION  OF  Kl.AS  I'OMKRIC  l.KAl)  I.AO 
DA.MPKK.'^  TO  IIFl.K'OFrKR  KOFOKS 

1).  P.  McOuire,  Lord  Kinematics.  Krie,  I’ennsylvania 


(Iround  resonance  is  a potenti;illy  destnictive  instalality  whii-h  can  occur  in  lielicop- 
ters  with  fully  articulat«'d  or  soft  in-plane  rotors.  This  instability  results  from  coupling 
of  the  in-plane  motions  of  the  rotor  blad(\s  with  thi*  natural  roll  mode  of  tin*  fuselage. 
Knergx’  derived  from  rotation  of  the  rotor  makes  th('  motion  unstable.  Current  practice 
calls  for  incorporating  sufficient  damping  in  tlie  lead-lag  meclianism  to  control  the  blade 
motions  and  iireclude  instability.  This  is  done  by  means  of  hydraulic  or  friction  dc\lccs. 
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The  use  of  a high  hysteresis  viscoelastic  material  to  perform  this  function  has  significant 
advantages  over  other  types  of  dampers  in  eliminating  maintenance  and  improving 
reliability. 

Suitable  mathematical  models  are  considered  to  represent  the  spring  and  damping 
characteristics  of  an  ideal  viscoelastic  material.  Hysteresis  damping  with  the  damping 
force  proportional  to  displacement,  but  in  phase  with  velocity  is  used.  The  equations  of 
motion  are  developed  for  the  rotor/fuselage  system  incorporating  hysteresis  damping.  By 
assuming  axial  symmetry  of  the  rotor  (N  > 3)  and  using  the  method  of  multiblade  coor- 
dinates, the  system  is  reduced  to  four  degrees  of  freedom,  two  representing  the  effective 
center  of  gravity  of  the  rotor  and  two  for  the  fuselage  motions. 

computer  program  (HGRSA),  which  solves  repetitively  for  the  eigenvalues  of  the 
characteristic  polynomial,  is  used  to  define  the  stability  boundaries  of  the  system  and 
functions  of  system  parameters,  such  as  rotor  speed,  blade  damping  coefficient,  etc.  The 
equations  of  motion  are  also  transformed  to  state-space  variable  form  to  allow  time  and 
frequency  response  of  specific  systems  to  bt'  calculated  using  available  computer  programs. 

The  stability  boundaries  are  determined  for  a base  line  system  with  the  conventional 
viscous  damping.  The  effects  of  the  blade  spring  restraint  provided  by  a viscoelastic 
damper  on  these  boundaries  is  evaluated.  The  effects  of  hysteresis  damping  versus  viscous 
damping  and  changing  the  loss  factor  of  the  viscoelastic  material  are  also  determined.  .Ml 
of  this  analysis  is  based  on  the  linear  ideal  model  of  the  viscoehistic  material. 

Nonlinear  characteristics  of  two  highly  damped  elastomers  (BTR  and  BTR  IV)  are 
determined  experimentally  as  functions  of  dynamic  amplitude.  The  reduction  in  elastic 
and  damping  modulus  with  increasing  dynamic  amplitude  is  shown  to  lx>  potentiiilly 
desUibilizing.  The  change  in  the  stability  bounchu'ies  as  functitnrs  of  dymunic  ;unplitude 
are  determined  using  the  measured  material  characU'ristics.  The  effect  of  materiiU  non- 
linearity is  shown  to  be  within  design  limits. 


EV.ALUATION  OF  ISOL.Vl'ION  MOl’MS  IN 
RFOirCI.NO  iSTRUCTURFBORNK  NOISE 

Thomas  K.  Df-rby,  B;irry  Wright  (’oriioration 
Watertown,  .Massachusetts 

■ 

The  incn>a.sed  cf)ncerns  with  reducing  structureborne  noise  caus(>d  by  slupboard 
equipment  has  ratsed  ciuestions  concerning  tin*  (‘valuation  of  isolation  mounts. 

One  problem  .seems  to  Ix'  what  is  nu'asured  according  to  Ml  E-S'rn-710B  and  how 
this  relates  to  what  the  ultimate  purpose'  of  th(>  Navy  is  in  ri'ducing  stmetureborne  noise', 
riie  re'ason  for  .MIL-STD-740B  is  to  e'valuate'  the  noisine'ss  of  a machine'  without  taking 
into  consideration  the  foundation  on  which  it  is  to  be'  mounte'd.  The'  ultimate  proble'm 
is  the  amount  of  ship  de'ck  or  hull  vibration  cau.se'd  by  the  maehine'ry. 

ITie  impracticality  of  having  re'al  conditions  is  re'cognized  Ix'cau.se'  a)  ships  have'  not 
lx'('n  built,  b)  diffe're'ul  locations  on  the'  ship  have'  different  struciural  response's,  and 
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1-)  ihe  samo  marliine  can  go  into  cliffcroiit  ships  and/or  different  locations  on  the 
ship. 


Kven  if  real  conditions  are  present  there  are  some  questions  concerning  which  re- 
spon.se  quantities  should  be  used  in  evaluating  the  effectiveness  of  isolation  mounts  in 
H'ducing  structure  borne  noise.  Isolation  mount  effectiveness  should  be  determined  by 
the  value  of  the  response  ratio,  which  is  defiiu'd  as  the  vibrational  amplitude  of  concern 
when  equipment  is  hard  mounted,  divided  by  this  same  amplitude  when  the  ecjuipment 
is  isolation  mounted.  Isolation  mounts  have  ti('en  evaluated  on  the  basis  of  the  value 
of  the  ratio  of  the  acceleration  on  the  foundation  side  of  the  mount  divided  by  the 
acceleration  at  th<>  equipment  .side. 

The  purpose  of  this  paper  is  two-fold:  (a)  to  compare  structurehorne  noise,  deter- 
mined according  to  Ml L-STD-740B,  to  structureborne  noise  transmitted  to  a ship  deck  or 
hull;  and  (b)  to  compare  the  ratio  of  accelerations  on  either  side  of  an  isolation  mount  to 
tlie  response  ratio.  Both  theoretical  and  experimental  results  are  used. 

The  theoretical  results  are  based  on  a one  directional  model  of  the  equipment,  isola- 
tion mount,  ;md  foundation.  'I'he  mathematical  formulation  is  presenU'd  in  terms  of 
modified  four-pole  p;u"ameters.  The  four-pole  parameters  luc'  determined  from  the  theory 
of  longitudinal  vibration  of  internally  damped  rods  as  pn'sented  in  Chapter  Six  of  Vibra- 
tion and  Shock  in  Damped  Mechanical  Systems,  by  J.  C.  Snowdon.  .Although  this  is  a 
sim|)le  model,  it  is  felt  that  its  essentiiU  features  (i.e.,  impedance  versus  frequency  curves 
having  alternate  sharp  peaks  and  troughs)  are  adequaU'  in  showing  the  effects  of  ecpiip- 
ment  and  foundation  structural  responses.  Also,  viu'ious  isolation  mount  charac-h'ristics 
;ire  ciusily  accommodated  by  this  model  (e.g.,  a two-stage  mounting  with  a rigid  mass  in- 
cluded within  the  isolator). 

The  theoreticiU  n'sults  tire  presiaited  graphically  for  viu'ious  combinations  of  system 
parameters.  The  parameters  used  are  mass,  fundamental  standing-wave  fn'quency,  and 
damihng  factor.  These  results  :u'e  generated  liy  a computer  program  which  is  also 
preset)  ted. 

Some  experimental  results  an-  also  presented  and  compiu'ed  to  the  corresponding 
theoretical  results. 


rilK  ANALYSIS  OF  SHOCK  ISOLATION  OF  A FLKXIB1I,K  BODY 
PKOTKCTKD  BY  FI,AS  ro.MFKIC  .MATKKI  ALS 

Richard  Bolton  and  Charles  W.  Oilson 
Westinghouse  F.lectric  Corporation,  Sunnyvale,  California 

The  problem  of  the  prot(*ction  of  fU'xible  bodies  from  shock  through  the  use  of 
elastomeric  matei'ials  has  long  attracted  the  inti'H'st  of  many  investigators.  Farly  attempts 
concentrated  on  the  application  of  energ>'  techni((ues  and  attempted  to  bound  the  prolilems 
loiter  various  mathematical  models  were  proposed  to  describe  the  instantaneous  responsiv 
Of  tlu'se.  one  of  the  most  popular  was  that  proposed  for  foam  elements  by  \'ol/'  which 
utilized  numbers  of  maxwell  elements  to  describe  the  isolator  responses  to  shock  inputs. 
Included  in  the  V'olz  model  was  a nonlinear  spring,  which  characterized  the  typical  isola- 
tor elastic  p<>rformance,  and  a variable  area  orifice  air  spring,  which  characterized  the 
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pneiiituilie  induced  air  force.  This  moiiel  is  v»‘ry  similar  lo  lho.se  recently  propo.sed  hy 
Sepcenko-  and  also  hy  laher*  for  foam  whii  h differed  basically  in  the  form  of  the  ecjua- 
tions  used  for  pneumatic  damping. 

Models  utilizing  ma.\\vell  or  simiku"  elements  essentially  model  the  mati'rial  as  an 
ide;il  viscoelastic  material  with  superimposed  air  damping.  The  increase  in  isolation  forces 
utider  the  high  stvahi  rate  conditions  I'on.sistent  with  shock  loaiiings  on  i‘;astonn>ric  isola- 
tors are  easily  rt'presented  by  such  models  as  has  been  shown  in  the  previous  works.  I'hese 
ideal  models,  however,  iilso  hav<'  their  disadvantages.  First,  any  <‘lastomeric  materiid  can 
Ix'  modeled  by  a suitable  numlx'r  of  ideal  eleirumts  used  in  series  or  piuallel  forms.  For 
example,  Sepcenko  has  used  twelve  such  parallel  maxwell  elements  in  his  foam  model  wiule 
Hoover  * has  used  five  similar  elements  in  his  model  of  structured  elastomeric  pads.  In 
the  actutil  imtilysis  of  flexible  missiles  isolaU'd  by  a kirge  numhi'r  of  these  isolators, 
however,  both  investigators  were  forced  by  numerical  difficulties  and  cost  con.siderations 
to  use  as  few  as  a single  element  per  row  or  ring  of  such  isolators  instead  of  the  ideal 
model.  Such  a simple  model  was  shown  by  Volz  to  adecjuately  model  the  bidiavior  under 
known  inputs,  i.e.,  when  a simple  model  can  lx>  tuned  to  a known  input,  it  can  ade(iuat»>ly 
predict  the  response.  Unfortunately,  such  models  cannot  ;tlways  satisfai'torily  predii-t  the 
response  for  a genertil  shock  input.  Liber  has  shown,  for  foam  for  example,  that  the 
maxwell  element  constants  themselves  and  the  single  isolator  “bottoming”  behavior  are 
velocity  depcmdent.  Hence,  the  model  derived  from  static  and  dynamic  tests  depend  to 
a degree  on  lu)w  accurately  the  test  approximates  the  design  shock;  clearly  this  is  not  a 
desirable  condition.  Finally,  the  model  constants  are  generally  derived  from  tests  which 
consider  a single  static  load  cycle  and  only  the  loading  portion  of  the  dynamic  cycle. 
However,  elastomeric  materi;ils  have  a pronounced  cycle  dependence  which  is  significant 
especially  for  flexible  bodies,  whose  peak  responses  are  usually  assoi'iated  with  modal 
re.spon.ses  whii’h  occur  after  the  pc-ak  rigid  lx)dy  responses  ;ue  achieved.  These  problems 
can  limit  the  utility  of  analysis  models  using  simple  maxwell  elements  when  used  for  the 
analysis  of  flexible  bodies. 

This  paper  dismisses  a new  and  alternate  approach  to  such  analyses.  This  method  is 
ba.sed  on  computed  system  loads  at  discri'te  times  using  strain,  strain  rate,  and  cycle  d('- 
(xMident  functions  of  the  isolator,  rather  than  modeling  the  material  behavior  as  ideal. 

It  is  shown  that  many  of  the  difficulties  associated  with  th(>  simple  miLSWi'll  element 
analyses  are  removed  with  this  ni'vv  approach.  Test  data  is  then  used  to  define  the  isola- 
tor itself  rather  than  mati'rial  constants.  The  single  element  and  full  ring  static  and  dy- 
namic tests  which  involve  both  loading  and  unloading  cycles  are  described  in  support  of 
these  methods.  Analyses  for  polyurethane  foam  and  structured  elastomi-ric  pad  di'signs 
are  duscussed.  Finally,  the  a()plications  of  these  analyses  to  the  lateral  shock  isolation 
of  the  Trident  I and  MX  missili's  are  descrilx'd. 


* Vol/. , W I’t.  al  . Fuaiii  Siiiu’k  Isitlatinn  Kcasilulit  y .Study.  W t.t  . It.Sl)  I It  l>l)  tl.  ItI)  [tt(>li.  .\ir 
Korr<’  ('ontraut  AKO  1( (>*.)  1 ) (Also  S.  V\H.. 

"SrjKMMiko.  Afialysi.s  a\'  Oprn  (’oil  Polyurol liono  Koam  Un<U‘r  Impact  l^oadmes.  taih  Sht»ck 
ami  Vihratum  Uiillotin.  i 

Mahor.  T.,  cl  al  . Shock  I^olatMm  Klcmonts  Tostinn  lor  Input  Koaiiitnis.  S.\MS(t  I'K  (d*  I IS.  .hmc 

Air  Korco  (’onlract  KO  l-(>7  (' Ot)7(). 

*Hoovor.  (1  I)  . Mathematical  Model  of  an  Upper  lanear  I’ad.  WKC  IN  tip  IS.  IPilP 


7a 


r 


FOCALIZATION  OF  SEMl-SYMMETRIC  SYSTEMS 

Alan  J.  Hannibal,  Lord  Kinematics 
Division  of  Lord  Corporation 
Eire,  Pennsylvania 

Focalization,  as  treated  in  the  literature*,  has  been  limited  almost  exclusively  to  sym- 
metric syst<*ms  in  which  four  axisymmetric,  in-plane  isolators  are  positioned  in  a rectan- 
tjular  pattern  abe>ut  the  c.g.  of  the  suspended  item.  CnfortunaU^ly,  the  solution  normally 
provided  for  this  problem  does  not  decouple  the  modes  in  both  the  fore-aft-vertical  and 
lateral-vertical  planes  simultaneously  unless  the  isolator  pattern  is  square.  One  exception 
to  the  treatment  of  symmetric  systems  is  the  paper  by  Derby  (1),  in  which  the  c.g.  is 
arbitratily  placed  with  respect  to  the  rectangular  isolator  pattern.  The  isolators  are  still 
all  the  same  and  in-plane  whiel  their  directional  characteristics  are  manipulated  to  de- 
couple the  modi's. 

The  approach  described  in  this  paper  removes  most  of  these  limitations  for  it  assumes 
that  the  suspended  package  has  two  different  isolator  sets,  front  and  rear,  having  different 
elevation  and  lateral  spreads.  To  the  designer,  this  means  greater  freedom  to  specify  de- 
sirable isolator  locations  or  to  utilize  those  structurally  available.  In  each  set,  the  isolator’s 
stiffness  and  damping  characteristics  are  the  same  while  their  locations  and  directions  are 
symmetric  about  the  X-Z  plane.  It  is  also  assumed  that  the  body  h;is  one  plane  of  sym- 
metry (A'-Z  plane),  which  is  not  a serious  limitation  as  most  systems  to  which  this  analy- 
sis is  applicable,  has  a plane  of  symmetry,  such  as  prop-driven  aircraft  engines,  cabs  on 
trucks  and  tractors,  shipping  containers,  optical  and  guidance  systems,  etc.  . . . 

Another  important  feature  of  this  analysis  is  its  ability  to  decouple  the  system  while 
constraining  the  shear  spring  rate  and  L-value  of  the  isolators,  their  toe-in  and  elevation 
angles  and  the  natur;il  frequencies  of  the  system. 


SYSTEM  DESCRIPTION  AND  SOLUTION  METHOD 

The  linear  form  of  the  system  described  above  is  represented  mathematic;illy  as 

A/x  + Cx  + A'x  = F 

wlu're 

x'  = (.r,  y,  2,  «,7  ) 
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must  b<>  made*  identically  y.oro.  That  is,  = hya  ~ l^yy  ^ ~ most  cases, 

“identically”  zero  is  an  impossibility  and  in  the  light  of  practiciU  parameter  identification 
“approximately”  zero  is  sufficient.  Dynamic  coupling  is  viewed  in  the  following  manner. 
The  arbitrary  focal  point  will  always  be  the  center  of  gravity  so  that  the  system  is  auto- 
matically inertia  decoupled.  The  coupling  due  to  viscous  damping,  rather  than  make  an 
unrealistic  definition,  like  C = iiM  + vK,  will  b('  considered  small  and,  therefore,  unimpor- 
tant. In  the  case  of  loss  factor  damping,  if  all  isolators  are  of  the  same  material,  it  is 
represenU'd  as  in  which  case  the  damping  decouples  simultaneously  with  the  stiffness 
matrix.  -As  a consequence  of  these  assumptions  static  and  dynamic  coupling  are  equivalent. 

The  solution  method  is  one  of  constrained  minimization.  .\n  objective  function  is 
formed  as  the  sum  of  squares  of  the  four  non-zero  coupling  terms.  That  is, 

obj.  funct.  = + /.-ya  + -r  , 

which  is  minimized  with  respect  to  an  arbitrary  subset  of  the  following  eight  parameters, 
toe-in  angles,  elevation  angles,  and  the  isolators’  shear  spring  rates  and  L-values.  Con- 
straints can  be  placed  on  these  parameters  as  well  a.s  the  natural  frequencies  of  the 
system. 

The  natiuiil  frequencies  are  derived  in  closed  form  by  assuming  that  minimization  of 
the  objective  function  has  already  been  affected;  that  is,  = kya  = kyy  - - 0.  for 

an  arbitniry  set  of  parameters,  the  natunU  frequency  constraints  do  not  truly  represent 
the  natural  frequencies  of  the  system.  However,  as  the  optimization  progresses,  thej 
Ix'come  more  representative. 

The  above  constrained  minimization  problem  is,  then,  submitted  to  an  efficient  com- 
puter program,  called  C’ON.MIN*,  for  solution.  The  progi'am  is  designed  to  selectively 
eliminate  design  piurameters  if  so  desired.  For  instance,  if  the  designer  wishes  all  four 
isolators  to  have  the  same  characteristics,  they  c;ui  enter  into  the  analysis  as  fixed  values. 


DISCI'SSION 

Some  of  the  aspects  of  this  analysis  discussed  in  the  paper  are  as  follows; 

1.  Multiple  solutions -There  lu-e  a number  of  local  minima  for  most  problems,  which 
can  be  obtained  by  viu'ying  the  starting  values.  Derby  11]  alludes  to  this  phenome- 
non in  his  paper,  but  because  of  technique  only  soltuions  for  the  c.g.  above  the' 
center  of  the  mounting  pattern  are  used  as  starting  values  for  the  offset  system. 

2.  Simsitivity  to  iiarameti'r  viiriat ions— practical  applications  arc  filagued  by  fabrication 
tolerances,  which  iire  closely  linki'd  to  system  cost.  Therefore,  if  a optimum  solu- 
tion is  sensitivi'  to  small  changes  in  .system  pimimeters.  it  is  of  little  or  no  use  to  the 
designer.  This  probh-m  will  b(-  discuss'd  at  length  in  the  pai>er  as  well  as  ('xmiiplifietl 

[].  Kffeet  of  constraints  constraining  the  system  iiaranu’ters  has  Ihe  advantage  of  pro- 
ducing a system  which  can  l>e  practically  mamifactiired.  but,  Ints  the  disadvantage  ,.f 
providing  a lesser  degree  of  foc;ilization  and.  in  some  eitses.  no  solution,  lo  aid  in 
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ovorcoming  this  difficulty,  an  attempt  has  Ix-en  made  to  measuri’  th(>  de^ce  of  coupling 
stiUically  by  relatinfj  the  off-diagonal  elements  of  the  stiffness  matrix  to  the  diattomd 
ones.  For  example,  bya/lia-  **  measure  of  roll  response  to  a latersil  disturhanci'. 

k^^,  on  the  other  hand,  is  a measure  of  roll  resistance  to  roll  iniiut.  Therefore,  the 
moment  ky^y  must  be  balanced  by  ka<^,  or,  cv/y  = /I’va/^'u-  other  words,  k\.^^jk|^^  is 
a measure  of  how  much  roll  the  designer  is  willing  to  endure  for  a given  amount  of 
lateral  motion. 
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IISF,  OF  OKNFR.AL  Pl'RPOSF  COMPl "TFR  PROCR.XMS  TO 
DKRIVK  KtJl'ATlONS  OF  .MOTION  FOR  OPI'lM.Af,  TSOI..V  1 ION  S'l'liDIKS 

W.  1).  Pilkey  and  Y.  H.  Clien 
'The  Cniversity  of  Virginiti,  CharlottesvilU',  X'lrginia 


'This  pa|)('r  presents  methods  for  using  general  purpose  structural  computer  programs 
to  derive  the  equations  of  motioti  for  limiting  performaiu-e  studies  of  isolation  systems. 
'This  new  approach  selects  the  design  parameters  on  the  basis  of  information  furnished  by 
a limiting  p<>rform;tnce  study  of  the  dynamical  system  being  designed.  In  the  process  tlie 
system  dynamics  need  !«•  solved  only  once  and  thus  gri'atly  reduces  the  computation  bur- 
den. 'This  techni(|ue  has  Ih'cii  successfully  ttpplied  to  prolilems  ranging  from  an  infinite 
degree  of  fn-edom  system  with  two  design  paraiiK'ters  (a  l)eam)  to  a five  degTee  of  free- 
dom system  with  six  tlesign  |iarameters  (an  automobile  modd).  Typically,  it  leads  to  an 
optimal  design  using  about  1 ~ 2C  of  the  computer  time  re(|uired  by  a conventional 
computational  design  tecliniiiia'. 

Currently,  the  new  method  is  Ineng  applied  to  the  design  of  structures  that  are  suit- 
able for  analysis  by  general  purpose  finite  element  (FKl  computer  programs.  This  can  be 
accomplished  by  having  the  FF  codes  generate  the  e(|iiatioiis  of  motion  in  a form  suitable 
for  the  limiting  performance  study  which  in  turn  provides  information  needed  for  idenli 
lying  the  design  parameters. 
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Consider  a strufture  sul)ji‘i't('d  to  t)ase  cxc-ilalions.  The  system  eriiiation  t)f  motion 
written  in  matrix  form  is 

l.V]  X}  + \C\  (X-  + |X|  Xi  = l/'l  liM  (1) 

where  1-1/ 1 is  the  mass  matrix,  (C)  the  dampint;  matrix,  |A'l  the  stiffness  matrix,  \F\  the 
coefficient  matrix  associated  with  the  forciiift  function  V(>c'tor  {VI,  and  .Y  } is  the  dis- 
placement vector.  If  now  portions  of  the  structure  an'  replaced  hy  ^'eneric  (or  control) 
forces  { U t ns  required  for  the  limitiiif;  pt'rformance  study,  tlu'ii  the  .system  ecjuation  of 
motion  takes  the  form 

(,1/MAM  + [CHX1+  |A'l:X}+  |V1-C}=  |A|{V}  (2) 

where  now  a new  stiffness  matrix  | A'|  is  obttuned  and  a coefficif'iit  matrix  | V']  associated 
with  the  ftc'neric  forces  i I';  is  added.  While  standiu'd  Fl'i  codi's  will  (irovitle  all  the  infor- 
mation in  K(|ii.  (1)  with  no  or  minor  modification,  Kqn.  (2)  is  the  one  in  tlie  form  suil- 
ahle  for  the  limiting  performtmce  study.  'I'hus,  the  task  of  coupling  the  indirect  syntliesis 
method  to  a KK  code  ('ssentially  airK)unts  to  liaving  the  FK  code'  develo)!  the  matrices  jA'l 
luid  I V).  Two  ap|)roaches  have  iK'en  developed: 


.Al’FROACll  1: 

This  ai)|)i'oacli  maki's  use  of  the  fact  that  the  matrices  |AI  ‘‘'hi  | are  related  to 
the  original  stiffness  matrix  |A|  and  thus  can  hi>  ck'iived  from  the  latter.  The  r<‘place- 
mc'nt  of  an  isolator  element  hy  a control  force  u,  amounts  to  making  the  substitutions 
in  the  eeiuations  of  motion 

= ^‘1 


where  the  summation  is  over  thi'  degret's  of  fn'C'dom  that  are  connected  with  isolator  and 
lh(‘  n,’s  are  the  kinematical  factors  that  an'  assoihated  with  each  degree  of  freedom.  This 
implies  that  isolator  /q  no  longer  contributes  to  the  assembly  stiffne.ss  matrix  | A | and 
instead  an  additional  matrix  1 \'| , whose  individual  I'olumn  lonsists  of  the  coefficients  of 
th('  t('rm  in  the  e(|uation  of  motion,  must  Ix’  ass('mbl('d.  In  othi'r  words,  the  m'w 

stiffne.ss  matrix  |A|  is  obtained  l)y  simply  removing  tho.se  contrii)utions  from  ( A | and 
the  controlh'r  matrix  [ t'l  is  formed  by  taking  as  its  colummthe  coefficients  of  h,  in  a 
row  (or  column)  of  |A'|  , the  row  or  column  numlx'r  being  that  of  a translational  degree 
of  freedom  which  is  enacted  by  the  isolator. 


AI’I’KO.VII  2; 

This  approach  obtains  | A j and  | F|  liy  treating  the  control  forces  |(|  like  applied 
loads.  H. 'Write  F.(|n,  (2)  as 


|.U|  X f |r|  X ‘ |A|  X = |/|  F - |F|  r lAI  V 
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vvhere  .y  = „umbt;rof  DOF.and  J=  Number  of  controllers.  It  is  seen  that  | ^]  is  now 
are  structure  less  J portions  or  isolators  and  the  columns  of  | \ ) 

S IlT  on^^"  n'Tr  ^he  “loads”  {Ui  Thus  to  obtai.i  the  ith  column 

*m  ^PP'***^  at  modes  that  are  connected  to  the  ith  isolator.  The  resulted  load  vector  is 
the  desired  column. 


TlU>  paper  contains  the 
to  several  example  problems 


development  of  the  tlieory  and  application  of  the  approaches 
using  the  S.\P  IV  general  purpose  program. 
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DYNAMIC  RESPONSE  OF 
LAMINATED  COMPOSITE  CYLINDRICAL  SHELLS 

C.  T.  Sun 

Engineorinti  Resoardi  InstituU' 

Iowa  Stale  University,  Ames,  lO 


Composite  materials  are  in  eurrent  use  in  a wide  variety  of  applieaiions.  Important 
examples  inelude  composite  materials  for  aircraft  structural  components,  composite  abla- 
tive materials  for  ABM  and  re-entry  veiiicles,  filament-wouiul  solid-propellant  motor  cases 
and  nozzles,  fiber  reinforced  rotor  blades  for  belico()ters,  com|)osite  turbine  blades  for  jet 
enj^ines,  and  fiber  reinforced  gun  tubes. 

An  element  common  to  all  of  these  aiijilicalions  is  that  the  composite  materials  ;u-e 
subjected  to  dynamic  loads.  In  particuhu-,  they  ;ire  vulnerable  to  ilynamic  imj)act  loading 
in  these  applications.  In  order  to  perform  adequate  design  studies  for  sucli  usiige, 
methods  are  needed  which  will  make  it  possible  l(>  Lletermin'.  the  res()onse  of  composite 
materials  to  dynamic  loads.  The  solutions  to  dynamic  boundary  value  problems,  howevi'r, 
are  often  very  difficult  and  time  consuming  compared  to  corresptmding  static  i)roblems. 
Thus,  the  establishment  of  dynamic  load  factors  (DLK)  (the  ratio  of  dynamic  n'sponse 
to  static  res[)onse)  which  would  allow  dynamic  problems  to  be  analyzed  statically  is  of 
considerable  importance  to  materials  engineers  and  structural  designers. 

In  this  paper,  the  classical  method  of  sejjaration  of  variables  ( 1 | is  employed  to 
analyze  the  dynamic  resjjonse  of  composite  cylindrical  shells  under  time-dependent  uni- 
form pressure  at  the  inner  surface  of  the  shell.  'Phis  method  was  first  develoiM'd  by 
.Mindlin  and  Goodman  (1|  and  was  subse(|uenlly  used  by  Yu  (2j  and  Sun  and  U'hitnev 
131. 

Numerical  results  for  maximum  deflection  le.  ma.ximum  normal  moment  resultants 
Mx  and  A/y  and  maximum  normal  stresses  o.v  and  a,,  are  evaluated  for  eiglU  layer  ()/()/p/- 
(!>t-<!>li)tO  laminates.  'I’he  maximum  ilynamic  response  is  then  compared  with  tlie  corre- 
si)onding  static  response  for  graphite-epoxy  and  glass-epoxy  comiiosites. 

.\  detailed  examination  of  tlie  numerical  results  reveals  that  the  DLK  can  be  grouped 
into  two  categories:  oni*  for  w,  A/y  anti  «y  anti  anotlier  for  A/^  anil  u^.  In  onier  not  to 
ilupliciile  tlie  results,  only  the  numerical  values  for  Oy  anti  (>„  will  be  iireseiUetl.  I'he 
numercial  results  tm'  presenti'il  by  plotting  tlie  DLF  for  anil  o,,  as  a function  of  0. 
where  0 in  each  ply  is  the  angle  between  the  axis  of  tlu‘  shell  and  the  directions  of  orien- 
tation of  tile  fibers.  Numerical  results  show  that,  contrary  to  the  classical  prediction,  thi' 
DLF  for  the  composite  materials  uniler  various  tlynamic  loailing  coiulitions  may  be 
greater  tban  two.  Ftir  examjile,  Ibe  maximum  value  of  DLF  for  Uy  and  u„  occurs  in  tlu> 
neighborhootl  of  0 - 15°  under  rectangular  pulse.  For  grapliitc-cpoxy  it  is  about  2. 75 
for  and  7.5  for  u , , and  for  gla.ss-epoxy  it  is  about  2.3S  for  u,,  and  1.1  for  These 
results  may  be  significant  in  design  considerations. 
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SPECTRU.M  AND  R.MS  LEVELS  FOR  STRESSES 
IN  CLOSELY  SPACED  STIFFENED  CYLINDRICAL 
SHELLS,  Sl'BJECTED  TO  ACOUSTIC  EXCITATION 

G.  Maymon,  Armament  Development  .Authority,  Haifa,  Israel 

.A  method,  by  which  the  calculation  of  rms  values  of  stresses  in  cylindrical  shells 
with  closely  spaced  stiffeners,  subjected  to  acoustic  noise  excitation,  is  presented. 

Donnell  type  eciuations  are  used  to  analyze  the  stiffened  shell.  Effects  of  eccentricity  of 
stiffeners  (stringers  and  rings)  and  the  existence  of  constant  axial  stre.ss  in  the  structure 
are  also  included.  .Analysis  of  the  deformation  is  done  by  “smearing”  the  stiffeners  over 
the  whole  surface  of  the  shell  but  calculations  of  stresses  include  the  effect  of  di.screte 
stringers,  tiuis  rms  values  for  stress  in  the  shell,  in  the  ring  and  in  the  stringer  are 
obtained  se|)arately.  The  response  analysis  is  based  on  scanning  the  wave  numbi'r  diagram 
of  the  examined  shell,  determining  the  modes  in  each  bandwidth.  In  order  to  make  the 
analysis  useful  for  engineering  purpose,  a digital  computc'r  program  was  written,  b:ised 
on  the  analysis  presented.  .At  this  stage  of  develoiunent,  the  acoustic  efficieiu'y  i)f  th(> 
shell  is  to  be  given  as  input  data  to  the  program.  .As  tiie  acoustic  efficiency  of  closely 
space  stiffened  shell  is  not  available  at  |)n'sent,  numeric:il  exami)le  wen'  c:ilculated  only 
for  unstiffeiK'd  slu'lls  using  the  present  analysis  with  “zero  stiffeners.”  Parametric  study 
of  power  spectral  densities  of  stresses,  displacemi'nts,  velocities  and  accelemtions  are 
presented. 

As  a by-product  of  the  analysis,  noise  reduction  of  tlie  sliell  is  also  obtained.  The 
results  were  satisfactorily  compared  to  experimc'iital  results  available  in  the  literature.  In 
th(>  near  future,  calculations  of  acoustic  efficiency  of  the  stiffened  shells  will  also  b(> 
includeil  in  the  analysis. 

It  is  believf'd  that  the  present  analysis  may  serve  W(>11  as  a tool  in  the  primary  design 
of  externally  carrieil  stores,  which  are  subject('d  to  acoustic  environments  during  the 
captivi'  fight,  and  for  high  speed  missiles  and  reentry  bodies. 
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Engineers  have  traditionally  preferred  the  graphic  medium  in  which  to  conceptualize 
problems  and  express  the  results  of  analysis.  One  merely  has  to  sift  through  several 
hundred  pages  of  computer  output  to  appreciate  the  impact  of  solutions  translated  into 
graphics.  Passive  graiihics  in  the  form  of  drum  and  microfilm  plotters  have  been  used  for 
some  years  and  many  analysis  programs  have  had  a “graphics  package”  added  to  them. 
Interactive  graphics  go  even  further  by  providing  a means  of  contrt)!  over  the  ilevelop- 
ment  and  synthesis  of  a i)roblem  that  would  be  practically  unachievable  using  ()assive 
graphics.  One  not  only  looks  at  a picture  but  also  manipulates  it  to  obtain  tlu>  most 
informative  view. 

This  paper  describes  an  application  of  interactive  grapliics  utilizing  a state-of-iJic-art 
graphics  terminal  for  the  purpose  of  evaluating  the  dynamic  response  of  structures.  The 
hardware  and  software  combination  provide  an  environment  in  which  the  structural 
engineer  can  inU'ractively  formulate  his  problem  and  interpret  tlu>  results  of  th(>  analysis 
faster  and  more  effectively. 

The  software  described  in  the  paper  is  used  on  a continuing  basis  utilizing  rc-al  prob- 
lems and  is  built  around  a h;irdwiu'e  system  consisting  of 

• a 24-inch  CRT  with  a viewing  tnea  20  inches  in  diameter  anil  a nominal  refresh  of 
50  Hz 

• 8 zoom  levels  each  a factor  of  2 

• dynamic  sissoring 

• multiple  inde[)endent  virtual  pictures 

• lightpen  tracking,  picking,  and  intensification. 

The  basic  operating  configuration  consists  of  a minicomputer  to  ai  t as  a display  file 
processor  and  a large  central  computer  to  .serve  as  the  host  machine.  The  minicomputer 
is  also  capable  of  doing  some  programmable  functions  independent  of  the  host  such  as 
picture  rotation. 


The  problem  at  tlie  beginnint;  of  tlie  software  task  was  basically  one  of  defining  a 
system  tliat  would  make  full  utilization  of  the  hardware  characteristics,  ilisplay  meaning- 
ful engineering  data,  and  yet  be  efficient  and  effective  when  ai)plied  to  practical  dynamic 
structural  response  problems.  The  research  engineer  in  consultation  with  the  systems 
analyst  liefined  th(>  objt’ctives  of  this  effort  which  was  centered  around  an  existing  large 
I general  purpose  finite  element  code  already  t)perational  on  the  host  eomputer. 

> The  initial  effort  was  divided  into  two  general  areas;  pre  and  post-processing  of  tlie 

data.  In  the  pre-proi-e.ssing  stage,  basic  geometric  data  of  the  structural  model  were  to  be 
■ displayed.  This  imlude  two-  and  three-dimensional  static  plots  in  addition  to  three- 

I dimensional  rotational  plots.  In  the  iiost-processing  stage,  deformed  shapes,  either  static 

; or  dynamic,  or  the  tlynamic  response  of  the  structural  model  were  to  be  disidayed. 

Many  of  the  hardwim*  feature's  were  utilized  in  the  design  of  the  software.  The  u.ser 
can  use  the  lightpen  and  translation  features  to  focus  his  attention  on  a certain  ari'a  of 
the  structure  and  have  the  area  enlarged  to  provide  a kirge  amount  of  detail.  Multiple 
line  styles  provide  ability  for  showing  the  undistorted  and  the  distorted  cases  on  the 
same  image  in  addition  to  displaying  the  relative  displacement  vectors  of  a specified  grid 
point  under  load.  The  ability  to  vary  the  intensity  along  a vector  was  used  to  produce 
a three-dimensional  effect:  intensity  was  decreased  in  proportion  to  the  depth  in  the 
view.  A rotation  capability  performed  entirely  on  the  display  proces.sor  was  added  to 
enable  the  user  to  be  able  to  look  at  tlie  model  from  any  vantage  point  of  his  clioosing 
without  increasing  host  comi)uler  central  processor  time. 

To  de-monstrate  some  of  tlie  i-apaliilities  of  tlie  resulting  graphical  system,  several 
actual  practical  engineering  analyses  are  given.  This  includes  the  ability  to  gein'rate  a 
motion  picture  of  the  predicted  dynamic  respon.se  of  an  actual  structure,  in  this  case  an 
offshore  platform  subjecti'd  to  wave  action. 


A GK.NKHAL  PGUPOSK  COMPl TKR  GRAPHIC'S  DISPLAY  SYSI’KM 
FOR  FINITE  ELE.MENT  .MODELS 

II.  C'hristian.sen,  Rrigham  Young  I'niversity/liiiversity  of  I’tah,  lYovo,  Utah, 

B.  E.  Brown,  University  of  Utah,  IVovo,  Utali, 

iuid 

L.  E.  •McUleiu'Iy,  Naval  Undersea  Center,  San  Diego,  California 

The  paper  describes  a Fortran  Computi'r  Program  which  generates  displays  of  finite 
element  models  in  line  drawing  and/or  continuous  tom'  format.  The  systi'in  rt'ads  data 
geiu'rati'd  by  otlu'r  analysis  routines,  accepts  a variety  of  control  commands,  and  pro- 
duct's lint'  drawings  with  hiddt'ii  lint'  rt'moval  and/or  black  and  whiti'  or  full  color  con- 
tinuous tout'  iniagt's  with  hitiden  surface  removal.  The  display  features  are  apprtipriatt' 
to  bt)th  static  and  tlynamic  math  modt'Is  anti  alltiw  tnitput  in  singli'  fraiiit'  tir  smooth 
animat itiii  iittivit'  format. 

A st'ssion  lit'gins  with  ust'r  initiatt'tl  comniantls  tt)  RE.M)  the  gt'ometry.  ihsplact'iitcnt 
antl/ttr  spt'cial  funclittn  filt's.  Tlit'  gt'ometry  file  ctmsists  of  Hit'  ntitlal  cotirtlinati's,  an 
t'lemt'iU  ctinnt'ctivity  array,  anti  a tiefinilitm  ttf  thi'  tlivision  t>f  the  ctinnet  tivily  array  into 
st'paratt'  smttoth  surfaci".  anti  or  parts.  Special  function  files  are  iist'il  to  reatl  stalar 
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functions  such  as  stress  or  strain  components  and  temperaturt'.  These  files  may  be  later 
used  as  the  basis  for  “pattern  type”  displays  using  color  fringe  and/or  surface  wiu-ping 
technifiues.  The  user  then  KKSTores  the  geometric  which  initializes  the  translation, 
rotation,  and  explosion  options.  .A  command  SC'OPe  is  utilized  to  select  output  devices 
and  prescribe  ambient  light  conditions.  The  content  of  the  scene  is  controlled  by  speci- 
fying the  P.ARTs  to  be  displayed  and  KXPLosion  patterns.  Commands  are  availabh-  to 
specify  the  COLOr  of  the  vai-ious  p;irts,  to  invoke  and  define  color  FRlNges  ajul  surface 
W.ARPing  techni(iues.  The  viewing  positions  ai'e  controlled  by  ROT.Mion,  TR.ANSlation, 
CKNTering,  and  DlS'l’ance  to  origin  commands.  These  commaiuls  also  allow  control  of 
perspective  parameters  and  “z-clipping.”  Displacement  amplitude  is  controlled  by  a 
SC'.ALe  command,  and  the  format  of  continuous  tt>ne  [lictures  is  controlled  by  the 
instructions  FLAT  (which  allows  linear  variation  of  the  light  intensity  over  the  individual 
elements  but  preserves  interior  element  boundaries),  UNI  Form  (whicii  precludes  intensity 
v;u-iation  over  individual  elements),  and  SMOOth  (which  invokes  the  Gouraud  method  of 
smooth  surface  simulation).  Smooth  animation  anti  the  generation  t)f  a seciuence  of 
frames  (which  may  inclutle  harmonic  mt)tion)  for  M()\Tes  is  also  available.  ,\t  apprt)- 
[iriate  times,  the  ust>r  will  retpiest  a VIFVV  of  the  scene  he  has  defined.  All  four  letter 
commands  either  result  in  complelii>n  of  the  retpu'st  or  ask  specific  (|uestions  before 
returning  to  a command  wait  status.  .An  extra  carriage'  return  or  an  unrecognizetl  instruc- 
tion produces  a list  of  the  commands  available.  Tlie  result  is  a .system  for  which 
minimum  training  is  ret|uired. 

The  system  was  originally  written  at  the  Univer.sity  of  Utah  and  used  to  protluce 
raster  driven  displays  with  the  oihion  of  a “Visible  .Surface  Proces.sor”  to  .solve  the  hidden 
surface  problem  in  hardware.  Later  the  |)rograms  were  implemented  at  Lawrence  Liver- 
more I.aboratories  by  Chri.stiansen,  Rrown,  and  .Michael  .Arcliuleta.  .Arcludeta  liad 
|)reviously  been  a programmer  at  the  University  of  Utah  where  he  had  written  an  imple- 
me.  liition  of  the  Watkin’s  .Algorithm.  This  routini'  was  optionally  called  by  tlu>  display 
program  if  tlie  hardware  proces.sor  was  “down.”  .At  Lawrence  Livermore  Laboratories. 
.Archuleta  produced  an  improvi'cl  version  of  liis  program  and  it  lias  been  u.sed  mainly  to 
produce  line  drawings.  The  installation  of  the  .system  at  the  Naval  Undersea  Ui'iiter  has 
further  generalized  the  system  and  made  it  as  machine  independent  as  possible.  It  is 
I’urrently  us('d  to  proiluce  line  drawings  on  a Tektronix  •1012  scojn'  and  continuous  tone 
images  on  a Uointal  SdOO  display  system.  TIu'  general  purpos(>  digital  computer  being 
utilized  in  both  a batch  and  time  sharing  mode  is  a Univai'  1 lit). 

The  development  of  the  system  has  been  spon.sori'd  by  .ARI’.A,  FRD.A.  and  the  Naval 
Undersea  Center.  The  documented  system  is  available  upon  recjiiest  to  both  governmental 
and  private'  users,  .\lthough  conside'rable  I'ffort  has  bi'i'ii  made  to  achieve  as  much 
machint'  iiult'pi'iuli'nct'  as  [lossibk',  some'  changes  will  hi'  ni'ci'ssary  to  i..'ve  other  displa\' 
device's. 

It  is  belii've'il  that  the'  systi'in  |irovieli's  a vi'r.satili'  iiis|ilay  tool  for  jiani'l  s\sti'ms 
whieh  I'an  bi’  ri-ailily  imple'ine'iite'd  on  most  display  configurations,  riii'  Naval  Ihiili'isi'a 
Ci'iiti'r  (San  Dii'go)  vi'rsion  provieli's  output  on  low  e'ost  line'  elrawmg  anil  i-ontmuous  tone’ 
ihsplay  ti'iininals. 
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VIBRATION  CHARACTERISTICS  OF  THE  1/8-SCALE  DYNAMIC  MODELS 
OF  THE  SPACE  SHLJ'ITLE  SOLID  ROCKET  BOOSTERS 
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Sumner  A.  Leadbetter 
Joe  \V.  Majka, 

Wendell  B.  Stephens 
John  L.  Sewall, 

NASA  Langley  Research  Center 
Hampton,  Virginia 
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I 

and  j 

Jack  R.  Bannett,  Rockwell  International 

The  structural  dynamic  characteristics  of  all  launch  structures  must  be  predicted  and 
understood  during  vehicle  development  and  operation  to  assure  a design  which  will  prop- 
erly account  for  flutter  and  pogo  instability  as  well  as  dynamic  loads.  'I’he  space  shuttle' 

vehicle  is  a particularly  complex  configuration  to  understand  since  it  is  composed  of  four  i 

separate  elements  joined  asymmetrically  at  discrete'  interfaces.  These  basic  elements  ;ire' 
the  orbiter,  exte'rnal  tank,  and  two  sejlid  re)e'kct  be)e>ster.s  (SRB).  .As  a fundamenUil  ste'p 
toward  unde-rstanding  the  dynamic  behavie)r  of  these  elements  scide'  mode'ls  whie  h ;ire'  nomi- 
nally one-eight  the  actual  size  of  preliminary  vehicle  ceincepts  have  been  fahricate'el  feir 
test  and  analysis  at  Ijungley  Research  Center.  The  inirpose  of  these  tests  is  to  ass('ss  tlie 
adequacy  of  analytical  procedures  which  can  b('  used  ti>  predict  full-scah'  behavior.  'I’lii' 
purpo.se  of  this  pa(>er  is  to  present  thf'  n'sulls  of  these  compari.sons  as  a)ijdii'd  to  the 
scale  model  SRB. 

The  SRB  models  used  in  the  study  are  designed  to  ri'present  three  diffi'rent  stages  of 
d('ployment;  that  is,  the  lift-off,  mid-burn,  and  burn-out  flight  time's.  The  modi'Is  are 
circular  cylindrical  shells  witli  end-rings  attached.  The  primary  structure  is  an  aluminum 
sIk'H  with  an  L/R  ratio  of  approximately  150  and  an  R/t  ratio  e)f  52.  Tliis  shell  casn\g 
has  attaclu'd  to  it  conce'iitrii-  solid  propi'llant  laye'r  wliich  at  lift-e)ff  has  a tliickness  of 
about  .7R.  The  modulus  of  tlu'  prope'llant  simulant,  however,  is  only  abeeul  50  MN/nm. 

Kxjeerimental  data  are  presented  for  the  free-fr('('  vibrations  of  this  configuration  at  tin' 
thri'c  aforementioned  flight  timi'S  for  longitmlinal,  torsional,  bi'am.  ami  shell  modes.  The 
experimental  eiata  are  then  com|)ar«'d  with  Ihrc'c'  different  analyst's.  First,  a shell  ol 
ri'volution  approach  is  used  in  comparing  tlie  basic  shi'll  mt)dt'S  witli  t'xpenmental  data. 

However,  the  mt'mbrane  fri'(]uencii's  are  ovt'ri'stimated  by  shell  tiu'ory  sinet'  the  propellant 
layer  tt'tids  to  inti'ract  .sonu'what  with  tin-  aluminum  shell  motion.  .\  finitt'  element 
modt'l  comprist'd  of  bt'am  elemt'iUs  ami  intt'rlayt'r  springs  is  list'd  to  motlt'l  this  behavior. 

.\nt)ther  finite  t'lement  modt'l  composetl  of  plate  bending  t'lemt'iits  to  re|ire.senl  the  cn.-'ing 
ami  ht'xagtmal  stilitl  elements  to  rt'prt'sent  tht'  prtipt'llant  is  usetl  to  tletermint'  all  moiies 
of  behavior.  This  thirtl  analytical  approach  is  nt'cessary  in  ortler  tt>  properly  account  for 
asymmt'trii's  which  art'  prt'st'nt  tin  the  full-scalt'  modt'l  and  the  remaining  space  shuttle 
t'lt'int'nts  umlt'rgoing  U'st  ami  analysis. 

.Additional  analytical  stutlit's  are  presenteil  which  show  the  effect  that  the  high 
intt'rnal  pri'.ssuri's  expectt-tl  to  oecur  at  burn-tnit  will  have  on  moilal  fn'(|uencies.  .Mso  an 
analytical  evaluation  tif  the  free-frt'c  vibration  fre(|Ueneies  of  the  full  .scale  SRH  .ire  pre 
senteii  for  the  burn-out  flight  time  using  the  shell  of  revolution  analysis. 
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Tlie  study  sliows  that  tl>e  proper  application  t)f  analytical  a)i|)roaclics  described  can 
adecinately  predict  the  SRB  behavior  for  all  the  fundamental  membrane,  beam,  ami  sliell 
frequencies.  Kven  the  thick  propellant  layer  can  be  modeled  willi  thin  sl-.ell  beliavior  if 
the  total  jiropellant  mass  is  accounted  for. 

MKCllAMC AI.  I.MPEDANCE  TECHNIQUES  IN  SMALL  BOA'I'  DESIC.N 

B.  E.  Doutjlas  and  11.  S.  Kenchington 
Naval  Shij)  I{ese;irch  and  Develojiment  Center 
.\nnapolis,  M:iryland 

The  objective  of  this  paiier  is  to  demonstrate  the  utility  of  mechanical  impedance 
technology  as  an  aide  in  evaluating  small  boat  structural  designs.  The  role  of  n.i'chanical 
impedance  in  identifying  vibration  jn-oblems  associated  witli  tlie  hull  and  decking  as  well 
as  in  diagnosing  airborne  noise  problems  in  small  boats  is  discussed  and  an  example'  of 
the  application  of  these  technieiues  to  a small  boat  vibro-acoustic  problem  is  pre.sented. 

Small  boat  designs,  especially  those  for  military  applii-ations,  place  a liigli  premium 
on  weiglit  in  order  to  achieve  high  performance  (i.e.  speed,  maneuverability  and  i)ayloael|. 
•As  a n'sult,  extensive  use  is  made  of  lightweiglit  hull  and  deck  plating  which  can  give  rise 
to  severe  low  frequency  vibration  problems  from  resonance  amiilification  of  “high  O" 
plating  modes.  When  these  resonances  coincide  with  major  forcing  fre(|uencics,  such  ;us 
blade  rale,  piston  firing  frequency,  tcjoth  contact  frequency  and  llu'ir  harmonics,  the  hull 
and  decking  ex|ierience  significant  dynamic  loadings  which,  at  a minimum,  causes  crew 
discomfort  leading  to  reduced  efficiency  and,  at  most,  I'ould  ultimately  ri'sult  in  hull 
structural  failure.  Thus,  the  identification  of  IniJl  and  decking  re.sonances  and  associated 
modal  loss  factors  together  with  modal  tlensity  ami  viliration  transmission  path  strength 
measurements  are  important  considerations  from  which  the  designer  can  better  select 
appropraite  hull  design  modifications  to  provide  optimum  ship  performance. 

i 

This  jiaiier  will  discuss  the  application  of  mechanical  impedance  technology  to 
obtain  (1)  measurements  of  hull  and  flecking  resonance  freiiuencies  aiul  associali'd  loss 
factors  from  driving  point  imiiedance  spf'clra,  (2)  relative  vibrational  path  strength  deter- 
minations from  Iransff'r  and  driving  point  impedance  spectra,  and  (3)  hull  and  decking 
! radiation  factors  to  charai'terize  the  rok'  of  modal  radiation  from  small  boat  structures  m 

airborne  noise.  Limitations  to  obtaining  these  measurements  on  small  boats  are  b'  lefly 
j examined  including  modal  density  considerations  in  measuring  damping  loss  factors  and 

tran.sducf'r  mounting  effects. 

I .Application  of  these'  t('chni(|U('s  to  solvi'  a small  boat  vibro-acoustic  prf'bk'in  is  madi' 

[ on  a ,'!()-foot  landing  craft,  ITT  (L).  Tin'  LCI’  (Id  is  curn'iillN  used  by  the  Na\>'  as  a 

I IH'rsonnt'l  and  patrol  boat  as  vvi'll  as  a gukk'  and  control  boat  in  anqihibious  operations. 

[ High  airliornt'  noise'  leve'ls  wi'ri'  obse'rvi'ei  m the'  forward  cabin  of  this  craft  which  were' 

I elee'iiie'el  detrime'iital  tee  its  pe'ifeirmanee'.  Subse'e|ue'nl  analysis  re've'ak'el  that  seve-ral  low 

j fri'i|ue'iu-y  eliscre'te'  lines  elenninate'  the'  “.■\”-we'ighte'il  senmel  pre'ssure  le'Ve'Is  m the'  cabin. 

Since'  k)w  fre'ei'.u'ne'y  aceiustie-  preible'ins  are'  eliffleult  to  cemtreil  through  ehre'ct  applu'ation 
of  barrii'f  or  absorptive'  tre'iilme'nts  wilheHiI  ek  l rime'iilallv  affe'cting  sliiji  pe'ilormane'e',  a 
structural  meielifie-atiem  aiipe'are'el  te>  ofler  the'  be-si  alte'rnative'  feir  seilulion.  The're'fene', 
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impoUance  and  airborne  noise  radiation  factor  measurements  were  made  to  identify  struc- 
tural contributions  to  the  airborne  noise.  .\s  a result  of  this  analysis,  several  alternatives 
for  corrective  action  became  apparent  which  otherwise  may  not  have  been  considert'd. 

An  example  of  such  action  is  the  selective  aptilication  of  structural  dani()infj  thus  lessen- 
ing the  impact  on  performance  due  to  added  wi'ight. 

It  is  concluded  that  the  application  of  imj)edance  U'clinology  as  an  aid  in  diagnosing 
low  frequency  vibro-acoustic  problems  on  high  performance  craft  offers  the  designer  in- 
formation at  relatively  modest  cost  from  which  appropriate  re-design  modifications  can 
be  selected. 


DYNAMIC  BALANCING  OF  KOTOIlS-.\N  ORDKKIA' 
FKOCKDURK  (SC.M.MARV) 

1).  M.  Janssen 

International  Business  Machines  Corporation 
Boulder,  Colorado 


.A  technique  is  described  to  systematically  balance  a rotating  device  in  two  planes 
simultaneou.sly.  Straightforward  mathematics  is  used  to  determine  the  position  at  two 
locations  akmg  the  axis  of  rotation.  Tliese  measurement  locations  do  not  ni'ces.sarily 
coincide  with  the  two  balance  planes. 

C'onceptually,  the  imbalance  can  1k‘  tliought  of  as  a serii's  t)f  force  vectors  distributetl 
along  the  axis  of  rotations  (Z),  and  rotating  in  synchronism  with  the  rotor  at  an  angular 
velocity  co.  Generally  these  force  vectors  will  not  be  in  pliase  with  oni'  another.  Tlie  net 
result  of  these  imbalance  forces  can  i)c  measured  as  displacements  (velocities  or  accelera- 
tions in  two  axial  positions)  re|)resented  by  Z’  and  Z'.  These  imbalance  forces  can  be 
cancelled  by  ailding  a ma.ss  at  the  proper  radius  and  phase  in  two  planes,  say  Z-  and  Z-^ 

The  desired  correction  forces  lue  analytically  determined  through  the  measured  di>- 
flections.  To  determine  what  the  imbalance  forces  are,  we  must  fiml  out  what  relation- 
ship the  imbalance  forces  in  planes  Z'  and  Z'*  liavc  witli  the  displacement  measurements 
taken  in  planes  Z'  and  Z*.  .Assuming  the  system  Ix'liaves  linearly,  we  can  correlate  a 
displacement  in  plane  Z’  witii  the  imbalance  forces  in  [Janes  Z-  anti  Z‘^  as 


vl  = cl 


^ 2 X 


+ ( 


.1  /•■:! 
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and 


y'  = c\F~  + 


where  tin*  ej’s  an*  compliant  influence  coefficients  that  ndate  ll\e  (lisphu'enuMit  at  position 
I to  the  force  applied  at  [losition  j. 

Likewise,  the  dis|)lacement  in  plane  Z'  due  to  imlialance  forces  in  plane  Z“  and  Z'* 
can  be  represented  by 
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yJ  = 4f~  + 


The  four  unknown  imbalance  forces  F~,  F^.,  F^  and  F^.  are  found  usintJ  linear  algebra. 

If  the  balancing  is  performed  at  a rotational  velocity  co  that  is  much  lower  than  the 
resonant  speed  co„,  then  the  force  and  the  mass  can  be  adequately  related  through  the 
radial  acceleration,  i.e. 

IV  = mg  = -Fgla  = -Fgjr'^ 


•\s  the  balancing  speed  approaches  the  natural  frequency  of  the  system,  the  imbalance 
forces  become  amplified.  To  take  this  into  account,  based  on  the  equation  of  motion  for 
a rotating  unbalance,!  we  have 


yco  J \u)OJnJ  J / 


where  f is  the  damping  ratio  which  can  be  experimentally  determined  or  ignored  if 
neglectable. 

Information  which  must  be  experimentally  obtained  are  the  compliant  influence 
coefficients  and  the  rotating  displacement  vectors  in  planes  Z'  and  Z'  at  a known  rota- 
tional speed. 

With  the  amplituile  and  jihase  information,  the  .v  and  v com)u)nents  are  readily 
obtiiinable  through 

.v'  = . V cos  0'  , 


yi  = .A'  sin  0'  , 


where  A'  are  the  dis|)lacement  magnitiKles  and  0'  are  the  phase  angles  between  the  peak 
amplitude  of  A and  thi-  .v  ttxi's. 

Very  accurate  dymimic  balance  can  be  achieved  by  repeating  tliis  bakince  procedim' 
several  timt's.  I'hat  is,  obtain  the  experitnental  amplitude  and  pliase  of  tlie  imbalance  at 
Z'  atid  Z*  then  analytically  determine*  the  size  and  position  of  the  correction  masses  for 
Z-  and  Z’,  tlit'ii  rc|)cat. 

!'riu>ms<)ti,  VV  T , Vihrulinn  iiitil  Applualioiis.  I’rrntui*  Hall.  I')(iri(|>  .'iH  lill 


An  example  is  presented  in  which  a total  of  three  iterations  aiv  reipiiri'd  to  ohiain 
the  desired  balance.  By  comparintt  tlie  vector  matjnitude  of  tlie  initial  imbal.nuc  moment 
(weiftht  times  radius  of  weight  placement)  at  Z-  and  /■*  to  the  final  imbalan.e  nioin.-nt, 
we  obtain  a figure  of  merit.  A reduction  by  a factor  of  125  is  olitained  1 1 us.  each 
iteration  improves  the  balance  on  an  average  by  a factor  of  five.  It  should  U’  u.iied  tlial 
this  procedure  does  not  independently  reduce  imbalance  in  each  plane,  but  . ..uples  ti  e^- 
corrections  together.  Reviewing  the  balancing  data  shows  that  the  cr.ivs  cuu|-  un;  between 
the  two  balance  planes  is  hard  to  detect  intuitively. 


FREQIIRNCIES  .AND  .MODE  SH.APES  OF  OEOMETR  1(  Al  l. V A\I.'<N\U  I KK 
ROTATING  STRl'CTURES.  APPUC.ATION  I'O  A JF.I  ENGINE 

P.  'lYompette  and  .M.  Ealanne 
Institut  National  des  Sciences  .Applitpiees 
V 1 ELE LI R BAX N E,  F R A N( ' E 


.Axisymmetric  structures  may  tx'  mode  out  of  various  parts  such  ;ls  thin  shells,  thick 
elements  and  rings.  They  have  been  extensively  studied  by  Dr.  D.  Bushnell  and  Dr.  E. 
Wilson  using  Finite  Element  techniques  and  a Fourier’s  series  developmmit  |1|,  |2|. 

Here  we  present  the  introduction  of  rotation  effects  into  tiie  calculations.  .As  in  the 
previous  work,  Fourier’s  series  and  Finite  Element  arc'  used.  Supposing  an  axisymetric 
state  for  initial  stresses  the  dynamic  al  behaviour  of  thc>  structure  is  given  for  c>ach  Fouric'r 
term  n bj'; 

A/„6“°n  + C’„5°n  + + /v\,„(c;o)  = F(S2'-2)  (1) 

where' 

F(S2-|  is  ec]ual  to  zc'ro  for  n A 0, 
i2,  spec'd  of  rotation, 

Mil,  /v’cii,  c'la.ssical  mass  and  stiffnc'ss  matricc's, 

KuniiJi)),  geomc'tric  matrix  function  of  initial  stre-sses, 
additional  stiffnc'.ss  matrix. 

The  Coriolis  matrix  will  be  neglectc'd  for  each  n I hi'  initial  stressc's  ciy  arc'  obtainc'd 
in  solving  the  I'qualion  (2): 

\Kvo  + i2“.U^„|2)o  FD2-I  (2| 

and  for  t'ach  it  frc'ciue'ncies  and  modi'  shapes  are  calculated  in  solving  tlic  classical  c'lgenvaluc 
problem  (3), 

CU“,V/,|  * 5,1  IR(’n  ^ R\'nhh|l  ^2“.!/,^,,,  |5„  (,1| 

riie  method  and  the  computer  program,  writlcn  in  Fortran  1\’.  arc  tested  with  simple 
known  examples.  Then  the  dynamical  behaviour,  frequencies  and  mode  shapes  of  a part  of 
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jet  enftine  is  predicted.  Calculation  are  performed  for  about  ten  terms  of  the  Fourier’s 
series.  The  agreement  between  theoretical  and  e.\|)erimental  results  is  good. 
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EIGENSOLCTION  SE.\SIT1\TTY  TO 
P.\R.\.METR1C  MODEL  I’ERTl  RB.ATIO.NS 

Charles  W.  White  and  Bruce  D.  Maytum 
MiU'tin  Miirietta  Corporation,  Denver,  Colorado 

The  basis  for  all  dynamic  amilyses  is  the  mathematical  model  usi'd  to  simulate  tlie 
structure  under  consideration.  Energy  methods  by  which  these  models  are  generated  are 
well  known.  .Application  of  existing  modeling  techniciues  is  always  subject  to  the  engi- 
neering judgment  of  the  analyst  to  the  extent  that  the  original  mathematical  simulation 
seldom  duplicates  the  observed  dynamic  behavior  of  the  hardw;u-e.  .Additional  modeling 
uncertainties  arise  from  evolutionary  configuration  changes  that  occur  in  the  normal 
design  cycle.  .Material  and  manufacturing  tolerances  introduce  other  uncertainties.  The 
size  ot  most  mathematical  dynamic  models  makes  [>arametric  evaluation  of  these  uncer- 
tainties prohibitively  expensive. 

In  this  pap(>r,  a study  of  the  general  eigeniiroblem  is  undertaken  to  develop  econom- 
ical methods  for  the  evaluation  of  mode  shape  and  frequency  sensitivity  to  dynamic 
model  changes. 

The  initial  approach  taken  was  to  approximate  the  pc’rturbeii  eigenvalues  and  eigiMi- 
vectors  by  a first-order  Paylors  series  expansion.  It  was  observed  that  results  obtained  in 
this  manner  are  valid  for  small  perturl)ations.  Higher-order  tlerivatives  are  n-quircnl  to 
predict  large  perturbation  effects.  However,  difficulties  in  olitaining  tliis  derivatives  lecl 
to  tile  seiU'ch  for  an  alternate  approach. 

The  alternate  approach  is  a formulation  of  the  eigenproblem  in  terms  of  perturbi'd 
nominal  model  element  data  and  nominal  model  modal  coordinates.  The  exti'iit  of 
coupling  produn'd  by  elemental  stiffness  and/or  mass  matrici's  betwi-en  tlie  nominal 
modes  determines  tlie  distribution  of  nioilal  strain  energy  anti  kinetic  energy  among  the 
model  elements.  The  extent  of  this  coupling  produced  by  eltMiiental  stiffness  aiul  or  ma.ss 
matrices  betwi'en  tlu>  nominal  modes  deti'rmiiu's  tht'  distribution  of  modal  strain  eiu'rgy 
and  kinetic  tmergy  among  the  model  elements.  The  extent  of  this  coupling  is  limited  by 
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orthogonality  of  the  nominal  model  eigenvectors  with  respect  to  the  unperturbed  finite 
element  data.  This  property  is  utilized  in  the  methodology  to  decrease  the  size  of  the 
eigenproblem  required  to  calculate  modal  perturbations  produced  by  a given  element 
perturbation.  Thus,  the  sensitivity  of  a particular  mode  to  perturbation  of  a specific 
model  element  can  be  determined  economically.  The  size  reduction  is  significant  in  terms 
of  eigensolution  computer  cost.  In  certain  instances,  the  method  allows  reduction  to  the 
point  where  a hand  solution  provides  reasonably  accurate  results  for  many  practical  dy- 
namic model  perturbation  problems. 

A comparison  study  was  conducted  which  identified  the  equivalency  of  the  initial 
Taylor’s  series  expansion  approach  and  the  modal  coupling  approach.  It  was  determined 
that  the  diagonal  terms  of  the  modal  coupling  formulation  are  the  jjartial  derivatives  of 
the  eigenvalues  with  respect  to  the  specific  model  element  perturbation  as  obtained  from 
the  first  order  Taylor’s  series.  Inclusion  of  the  modal  coupling  effects,  therefore,  is 
equivalent  to  providing  higher  order  derivative  terms  in  the  Taylor’s  series. 

The  methodology  is  applied  to  a sample  aerospace  type  structure.  It  is  shown  that 
orthogonality  divides  the  system  modes  into  strongly  coupled  sets  clearly  identifying  the 
reduced  eigenproblem.  It  is  then  shown  that  the  reduced-size  eigensolutions  yield  results 
that  match  exact  solution  results  with  considerable  savings  of  computer  time. 

It  is  concluded  that  the  economical  evaluation  of  dynamic  model  sensitivity  is  pro- 
vided by  the  methodology  defined. 


DYNAMIC  RESPONSE  OF  LAMINATED  COMPOSITE 
PLATES  UNDER  INITIAL  STRESS 

C.  T.  Sun 

Iowa  State  University,  Ames,  lO 


It  is  a well  known  fact  that  an  initial  stress  will  modify  the  mechanical  properties 
of  a medium.  As  an  example,  a homogeneous  and  isotropic  medium  in  the  unstressed 
state  may  become  nonhomogeneous  and  anisotropic  under  initial  stress.  In  general,  a 
tensile  initial  stress  will  stiffen  the  rigidity  of  the  medium,  while  a compressive  initial 
stress  will  reduce  its  rigidity.  When  the  compressive  initial  stress  reaches  a critical  value, 
the  rigidity  of  the  medium  becomes  very  small,  and  instability  will  occur. 

The  stability  problem  of  plates  and  shells  under  compressive  initial  stress  have  been 
investigated  by  many  distinguished  researchers.  The  objective  of  this  talk  is  to  investigate 
the  effects  of  initial  tensile  stress  on  the  dynamic  response  of  an  infinitely  long,  simply 
supported  composite  plate.  The  investigation  is  carried  out  by  using  a method  previously 
developed  by  the  author  (1)  to  analyze  composite  plates  under  time-dependent  dynamic 
pressure.  The  initial  tensile  stress  is  assumed  to  be  uniformly  distributed  over  the  thick- 
ness of  the  plate. 

Numerical  results  for  maximum  bending  stress  and  maximum  interlaminar  shearing 
stress  are  evaluated  for  eight-layer  0/0/0 /-0/-0/0/O/O  graphite  epoxy  laminates.  The  angle 
0 in  each  ply  is  the  angle  between  the  fiber  direction  and  the  geometrical  axis  of  the 
plate.  The  numerical  results  are  presented  by  plotting  the  ratio  of  the  maximum  dyiiiimic 
response  to  the  corresponding  static  response  as  a function  of  the  initial  tensile  stress 
for  the  cases  0 = 45°  and  90°  respectively.  In  eacli  I’igure,  three  kinds  of  dynamic 
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loadings-roctangular  pulse,  sine  pulse  and  triangular  pulse-are  considered.  We  observe  that 
the  rectangular  pulse  always  produces  the  maximum  dynamic  response.  The  numerical 
result  also  shows  that  the  effects  of  initial  tensile  stress  to  the  dynamic  response  of  com- 
posites depend  not  only  on  the  type  of  dynamic  pulses  applied  but  also  on  the  angle  of 
lamination  of  the  composites.  Initial  tensile  stress  will  reduce  the  dynamic  response  con- 
siderably for  the  laminates  when  the  direction  of  the  fiber  is  parallel  or  close  to  the 
direction  of  the  initial  tensile  stress.  This  result  may  be  important  to  materials  engineers 
and  structural  designers. 

1.  Sun,  C.  T.  and  Whitney,  J.  M.,  “Forced  vibrations  of  laminated  composite  plates  in 
cylindrical  bending,”  J.  Acoust.  Soc.  Am.,  55(5),  1003-1008  (May  1974). 
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AN  INTRODUCTION  TO  THE  DESIGN  AND 
QUALIFICATION  OF  LARGE  SHOCK  ISOLATION  SYSTEMS 

Loren  L.  Liisthei 

Boeing  Aerospace  Company,  Seattle,  Washington 


The  recent  design  of  new  shock  isolation  systems  for  military  applications  required 
an  extensive  program  of  dynamic  testing  and  analysis.  Shock  and  vibration  environments 
for  which  these  isolation  systems  had  to  be  designed  ranged  from  those  associated  with 
distant  earthquakes  to  those  associated  with  nearby  nuclear  weapon  explosions.  Design 
specifications  placed  requirements  on  rigid  body  motions  as  well  as  dynamic  response  up 
to  2000  cps.  Space  envelopes  for  the  shock  isolation  system  hardware  were  restricted 
due  to  the  fact  that  existing  equipment  was  to  be  shock  isolated  within  existing  facilities. 
This  paper  provides  an  introductory  description  of  the  test  programs,  test  facilities  and 
test  verified  analytical  methods  that  were  used  to  design  and  qualify  these  shock  isolation 
systems. 

Individual  shock  isolation  system  component  types  were  selected  based  on  data 
obtained  from  a comprehensive  program  of  concept  development  testing.  Components 
tested  included  mechanical  springs,  liquid  springs,  elastomeric  foams,  rubber  springs,  steel 
cables,  and  floors  of  several  types  of  construction.  Static  and  dynamic  force-deflection 
tests,  impact  tests  in  shear  and  compression,  and  acceleration  transmissibility  tests  were 
included.  Dynamic  data  from  these  tests  were  used  to  develop  the  analytical  models  of 
components.  In  this  manner,  test  verified  dynamic  characteristics  were  incorporated  in 
system  analyses  at  an  early  time  and  this  in  turn  allowed  an  accurate  evaluation  of  each 
design  concept. 

Component  testing  was  done  using  ordinary  test  laboratory  equipment  plus  specially 
built  test  fixtures.  New  test  facilities  were  required  for  system  level  testing.  Essential  to 
these  facilities  would  be  large  force  actuators  capable  of  precise  control.  The  actuators 
that  were  developed  are  pneumatically  powered,  hydraulically  controlled,  and  with  a peak 
force  capability  of  one  and  one-half  million  pounds.  Concurrent  with  the  development 
of  the  actuators  was  the  development  of  an  analysis  that  would  accurately  predict  their 
performance.  Historically,  performance  of  this  type  of  actuator  has  been  established, 
prior  to  the  actual  testing,  by  calibration  runs.  Development  of  the  analytical  model 
enabled  system  level  tests  to  be  run  without  expensive  and  time  consuming  calibration 
runs  and  in  all  cases,  other  than  a few  where  mechanical  malfunctions  occurred,  the 
actual  performance  was  well  within  tolerances  allowed. 

The  force  actuators  developed  are  used  in  two  facilities  capable  of  full  sized  shock 
isolation  system  tests.  One  facility  is  designed  to  test  a full  scale  missile  and  its  .shock 
isolation  system  to  simulated  nuclear  weapon  ground  shock  environments.  The  other 
facility  is  designed  to  test  shock  isolated  equipment  floors  to  these  same  environments. 
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Three  test  programs  were  conducted  in  these  facilities  where  the  data  obtained  were  used 
to  define  physical  parameters  and  to  verify  the  analytical  models  that  were  subsequently 
used  to  qualify  two  shock  isolation  systems. 

The  first  program  was  to  test  a full  scale  ground  test  missile  and  missile  shock  isola- 
tion system.  In  this  program  vertical  and  horizontal  inputs  corresponding  to  nuclear 
weapon  air  blast  induced  ground  motions  were  produced  by  the  previously  described 
force  actuators.  In  addition,  horizontal  direct  induced  motion  were  provided  by  a 
secondary  force  activation  system.  The  total  weight  of  the  test  article  (missile  and  missile 
shock  isolation  system)  was  125,000  pounds.  This  test  series  provided  additional  confir- 
mation, over  and  above  that  obtained  from  component  testing,  that  the  analytical  models 
to  be  used  for  qualification  were  adequate. 

The  second  program,  using  the  same  facility  that  was  used  for  the  missile  shock 
isolation  system  test,  was  the  test  of  an  equipment  floor  segment.  Actual  electronic 
cabinet  structures,  with  mass  simulated  electronic  components  were  mounted  on  the  floor 
segment.  Vertical  and  horizontal  shock  isolators  were  identical  to  those  that  were  to  be 
incorporated  in  the  full  scale  shock  isolation  system. 

The  full-scale  test  series  of  the  shock  isolated  equipment  floor  was  conducted  at  the 
second  described  facility.  These  tests  were  conducted  using  electronic  cabinet  structures 
with  both  mass  simulated  and  actual  operating  electronic  components.  Nuclear  air  blast 
induced  input  motions  were  simulated  by  four  of  the  large  force  actuators  previously 
described.  Test  data  were  again  used  to  verify  the  analytical  models  of  the  floor  and 
thus  ascertain  that  this  shock  isolation  system  would  meet  all  dynamic  design  require- 
ments. 

Alt  the  above  tests,  in  conjunction  with  the  analytical  models  developed,  were  neces- 
sary to  show  compliance  of  these  \'ery  non-linear  shock  isolation  systems  with  the 
dynamic  design  requirements  imposed  upon  them. 


POLYURETHANE  FOAM  ISOLATORS  FOR 
SHOCK  ISOLATED  EQUIPMENT  FLOORS 

William  C.  Gustafson 

Boeing  Aerospace  Company,  Seattle,  Washington 


This  article  presents  the  results  of  a large  analytical  and  experimental  program  that 
was  undertaken  in  the  design  and  verification  of  a horizontal  isolator  set  for  shock  iso- 
lated equipment  floors.  Polyurethane  foam  blocks  were  chosen  for  the  isolator  set 
because  of  their  unique  shock  absorption  characteristics,  reliability,  and  near  optimum 
properties  for  the  imposed  design  requirements.  The  operating  environment  which  con- 
trolled the  system  design  was  ground  motion  induced  by  nuclear  weapons  and  the  major 
design  constraints  were  the  available  space  in  an  existing  facility  for  dynamic  floor  excur- 
sions and  the  level  of  shock  attenuation  that  had  to  be  achieved  to  ensure  equipment 
survival.  One  additional  constraint  was  imposed  by  the  requirement  that  the  foam  blocks 
had  to  form  a continuous  platform  which  could  be  walked  on  by  maintenance  personnel 
while  servicing  equipment. 
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Practical  limitations  imposed  by  the  size  of  the  operational  equipment  floors  pre- 
cluded full  scale  testing  with  inputs  to  the  horizontal  foam  isolator  set.  In  order  to 
achieve  a high  degree  of  confidence  in  the  system  design,  a qualification  program  was 
configured  where  the  analytical  design  models  would  be  qualified  by  correlation  with  a 
smaller  floor  segment  test  and  then  the  operational  floor  would  be  qualified  by  detailed 
analytical  data  evaluation  with  these  models.  The  floor  segment  test  specimen  consisted 
of  a 5'  X 10'  steel  floor  suspended  vertically  by  three  cable/liquid  spring  assemblies, 
isolated  horizontally  by  large  foam  blocks,  and  two  electronic  cabinets  were  mounted  on 
the  floor.  A series  of  approximately  twelve  tests  were  conducted  with  combined  vertical 
and  horizontal  inputs  to  the  vertical  isolators  and  simultaneous  shock  input  to  the  hori- 
zontal foam  blocks.  Test  instrumentation  recorded  84  active  data  channels  which 
measured  test  inputs,  floor  excursion  histories,  and  floor  response  environment  experi- 
enced by  the  equipment  cabinets. 

The  analytical  model  used  for  the  floor  excursion  analysis  predicts  three  dimensional 
excursions  of  an  arbitrarily  shaped  floor  supported  by  an  arbitrary  number  of  isolators 
and  excited  by  a specified  ground  shock.  The  mathematical  modeling  uses  six  rigid  body 
degrees  of  freedom  with  the  option  of  an  additional  five  freedoms  for  flexible  body 
modes.  The  vertical  liquid  springs  are  modeled  as  line  elements  comprised  of  a nonlinear 
spring,  a friction  element,  and  a velocity  squared  damper.  The  foam  isolators  are 
modeled  by  three  elements  suggested  by  Sepcenko  (1974);  these  are  a nonlinear  spring,  a 
Maxwell  element,  and  a pneumatic  element.  The  nonlinear  spring  exhibits  a stress  which 
is  a double-valued  function  of  strain  with  separate  loading  and  unloading  branches;  the 
functional  values  are  derived  from  the  static  test  data.  The  Maxwell  element  approxi- 
mates the  visco-elastic  dynamic  effects  exhibited  by  the  foam.  The  air  flow  in  and  out 
of  the  foam  block  is  considered  to  be  independent  of  the  visco-elastic  effects  and  is 
modeled  as  a pneumatic  element  consisting  of  a chamber  with  an  air-tight  piston,  a strain 
dependent  variable  area  orifice,  and  an  air  friction  function.  The  modeling  parameters 
for  the  three  elements  of  the  foam  isolator  idealization  were  derived  in  accordance  with 
the  techniques  described  by  Sepcenko  (1974).  The  equations  of  motion  for  the  model 
were  solved  by  numerical  integration  using  a Runge-Kutta  variable  step  procedure. 

Extensive  analysis/test  correlation  work  was  done  to  verify  the  analytical  idealization 
of  the  foam  isolators.  The  results  indicated  excellent  agreement  between  the  measured 
excursions  and  those  determined  analytically.  Tests  and  analysis  were  conducted  for 
several  levels  of  ground  motion.  Both  the  air  induced  and  direct  (cratering)  induced 
ground  motions  encountered  in  nuclear  weapons  effects  phenomenology  were  examined 
in  the  testing  and  analysis.  The  good  correlation  that  was  achieved  between  the  analysis/ 
test  results  indicated  the  validity  of  the  foam  modeling  that  had  been  done  by  Sepcenko 
(1974)  on  the  basis  of  component  level  sled  testing.  The  confidence  that  was  established 
as  a result  of  this  work  permitted  subsequent  qualification  of  the  operation  floor. 

An  important  observation  made  from  the  floor  environment  response  data  indicaU*d 
that  the  foam  isolator  did  not  represent  a significant  transmission  path  for  response  envi- 
ronment above  100  cps.  This  was  observt'd  in  the  comparison  of  response  data  for  tests 
with  and  without  inputs  to  the  foam  isolators.  The  conclusion  reached  was  that  the 
liquid  springs  used  for  vertical  isolation  provided  the  principal  transmission  path  for  high 
frequency  environment.  This  fact  validated  the  response  environment  data  gathered  on  a 
subsequent  full  scale  test  where  only  inputs  to  the  vertical  isolators  were  employed. 

Analysis  and  test  data  indicated  that  polyurethane  foam  provided  an  excellent  means 
of  reducing  large  low  frequency  relative  displacements  that  result  from  direct  induced 
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motions.  The  effectiveness  for  air  induced  motions  which  are  much  more  severe  in  terms 
of  acceleration  and  peak  velocity  is  somewhat  limited  unless  the  allowable  floor  environ- 
ment is  quite  high.  The  foam  effectiveness  is  most  dramatically  seen  where  the  accelera- 
tions associated  with  the  ground  motion  are  on  the  same  order  of  magnitude  as  the  allow- 
able floor  acceleration  as  often  the  case  is  with  direct  induced  ground  motion. 
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ACTUATOR  DEVELOPMENT  FOR  SYSTEM-LEVEL 
SHOCK  TESTING 

G.  Richard  Burwell 

Boeing  Aerospace  Company,  Seattle,  Washington 


Concurrent  with  the  recent  development  of  shock  isolation  systems  for  military 
application,  the  design  and  development  of  two  new  force  actuators  were  accomplished. 
The  development  was  required  as  all  known  existing  shock  test  devices  were  inadequate 
in  producing  the  required  forces,  input  motions  and  other  performance  parameters.  The 
primary  actuator,  the  design  and  development  of  which  is  the  subject  of  this  paper,  was 
to  provide  the  high  velocity  ground  motion  associated  with  the  air  blast  created  by 
nuclear  weapon  explosions.  A secondary  actuator  was  to  stimulate  the  much  lower 
velocity  ground  motion  associated  with  the  direct-induced  (cratering)  effects  of  nuclear 
weapon  explosions. 

Performance  requirements  for  the  primary  actuator  design  were  in  terms  of  shock 
levels  defined  by  response  shock  spectra,  synchronization  requirements  for  multiple  actua- 
tor use  and  repeatability  requirements.  The  actuator  was  required  to  be  capable  of  pro- 
viding a large  number  of  specific  shock  spectra  levels  within  a tolerance  band  for  each 
level.  The  specified  shock  levels  represented  a very  wide  range  with  the  highest  level 
being  approximately  twenty  times  the  magnitude  of  the  lowest  level  throughout  the  fre- 
quency range.  The  actuator  was  required  to  be  capable  of  producing  two  simulated 
ground  shock  motion  types:  positive-only  and  positive  followed  by  partial  return. 

Preliminary  design  efforts  resulted  in  the  selection  of  a pneumatically-powered  and 
hydraulically-controlled  actuator  as  the  basic  design.  The  expan.sion  of  high-pressure 
gaseous  nitrogen  (GN2)  would  be  used  as  the  energy  source  to  power  a piston  and  piston 
rod  inside  a cylinder.  The  kinetic  energy  (the  piston’s  motion)  would  be  absorbed  by 
controlling  the  flow  of  hydraulic  fluid  displaced  by  the  piston  from  the  main  cylinder 
through  piping  to  a series  of  capped  cylinders  called  .shaping  accumulators.  Four  fluid 
exit  ports  would  be  provided  in  the  base  of  the  cylinder,  three  for  connection  to  shaping 
accumulators  and  one  for  connection  to  a return  accumulator. 

Concurrent  with  design  efforts,  an  analytic  model  of  the  actuator  concept  was 
developed.  This  model  is  described  later  and  was  instrumental  in  establishing  the  various 
volumes,  diameters,  lengths  and  other  geometric  parameters  that  would  allow  the  actuator 
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to  prodiico  the  required  range  of  test  levels.  In  addition,  many  details  eontained  in  the 
final  design  were  seleeted  after  the  effects  were  considered  in  the  model. 

The  actuator  includes  a piston  whose  diameter  is  twenty  inches  and  an  eight-inih 
diameter  piston  rod  the  end  of  which  attaches  to  the  test  article.  Shaping  a<‘cumulators 
containing  threaded  orifice  plates  accept  the  fluid  displaced  by  the  piston.  Tin*  size  and 
spacing  of  these  plates  control  the  flow  of  hydraulic  fluid  and  are  therefore  critical  in 
controlling  the  piston  motion.  Piping  with  either  a two  inch  or  five  inch  flow  path  and 
with  a pipe  orifice  connects  the  main  cylinder  to  each  shaping  accumulator.  Motion  initi- 
ation is  achieved  by  firing  one,  two  or  three  ordnam’e  valves  in  the  piping  leading  to  the 
three  accumulators. 

The  same  type  of  cylinder  used  for  the  shaping  accumulators  is  used  for  the  return 
accumulator  but  with  a return  piston  .separating  the  GNo  from  the  hydraulic  fluid  that 
replaces  the  orifice  plates.  A pipe  connects  the  volume  above  the  return  piston  to  a 
separate  GNo  accumulator.  The  inside  diameter  of  the  pipe  was  .selected  to  provide  a 
“choked  flow”  condition  during  tests  requiring  a high  return  displacement.  This  was 
done  to  provide  the  required  return  velocity  history  which  is  low  in  peak  viilue  but  longer 
in  duration  than  the  positive  motion.  The  same  type  ordnance  valve  used  for  flow  to  the 
shaping  accumulators  is  used  to  initiate  the  reUmi  motion.  A locking  unit  lu-rests  and 
holds  the  residual  piston  motion  following  pulse  generation. 

As  stated  earlier,  an  analytic  model  was  tWeiopcd  for  use  as  an  aid  in  the  design  of 
the  actuator.  In  addition  to  suppoiting  the  'esign  task,  the  model  has  been  used  in  test 
programs  to  define  the  actuator  configuration  tlv.«l  would  provide  the  desired  input 
motion  to  the  test  article.  Thus  the  requirement  to  conduct  numerous  and  costly  “ciili- 
bration”  tests,  which  up  to  this  time  was  the  primary  means  of  obtaining  actuator  con- 
figurations for  smaller  pneumatic/hydraulic  actuators,  was  eliminated.  Also,  isolation 
system  responses  could  be  predicted  using  the  predicted  input  motion. 

The  analytical  model  is  idealized  by  four  degrees  of  freedom  that  contain  second 
order  time  derivatives.  In  addition,  four  variables  with  first  order  derivatives  are  neces- 
sary' to  describe  the  gas  flow  through  the  return  pipe.  I'he  motion  of  the  piston  and 
piston  rod  is  idealized  as  one  degree  of  freedom.  This  variable  and  the  time  history  of  its 
derivatives  are  the  input  to  a test  article.  Fluid  flexibility  is  idealized  by  a spring  and  a 
VISCOUS  diuuper  between  the  piston  degree  of  freedom  and  the  fluid  degree  of  freedom. 
The  isolator  or  connection  between  the  piston  rod  and  test  article  is  idealized  as  a non- 
linear spring,  viscous  damper  and  coulomb  damper  in  parallel  connecting  the  test  article 
mass  with  the  piston  rod.  The  return  piston  motion  is  assigned  a degree  of  fn'cdom  and 
the  first  and  second  time  derivatives  of  this  freedom  are  set  equal  to  zero  until  the 
return  fire  time  is  reached.  The  giis  pressure  above  the  return  piston  is  detiendent  upon 
the  gas  flow  through  the  return  pipe.  Four  first-order  freedoms  (pressure  and  density  in 
each  chamber)  are  needed  to  adequately  describe  this  flow. 

During  the  model  development  period,  assumptions  were  made,  the  equations  were 
derived  and  model  parameter  values  were  assigned.  The  data  gathered  from  tlu'  first  t«'st 
programs  using  the  actuator  were  used  to  improve  the  model  representation  and  param- 
eter values.  This  model  improvement  effort  has  resulted  in  a model  that  accurat«'ly  |)r('- 
dicts  the  piston  motion  histories  for  actuator  configurations  corresponding  to  a very  wide 
range  of  test  levels.  The  basic  model  could  also  be  usi'd  with  modified  parairu'ter  values 
to  predict  the  motion  histories  of  other  existing  pneumatic/hydraulic  actuators  or  to 
di'velop  new  actuators. 


99 


COMPONENT  TESTING  OF  LIQUID  SHOCK 
ISOLATORS  AND  ELASTOMERS  IN  SUPPORT 
OF  RECENT  SHOCK  ISOLATION  SYSTEM  DESIGNS 

John  P.  Ashley 

Boeing  Aerospace  Company,  Seattle,  Washington 


Over  the  past  six  years,  consyderable  component  testing  has  been  accomplished  to  sup- 
port the  design  of  new  shock  isolation  systems.  Larger  yield  and  more  accurate  nuclear 
weapons,  producing  higher  overjiressures  and  increasing  the  direct-induced  ground  motions 
effects,  has  resulted  in  more  severe  nuclear  weapons  effects  ground  motion  criteria.  This 
paper  describes  the  dynamic  testing  of  candidate  isolation  system  components  and  the 
subsequent  development  testing  of  components  selected  for  consideration  in  the  detail 
system  design. 

Early  concept  development  transmissibility  testing,  introduced  by  Grant  (1),  pro- 
vided dynamic  response  characteristics  for  the  most  suitable  candidate  shock  isolation  sys- 
tems. These  concept  tests  provided  information  which  supported  a basis  for  early  elimi- 
nation of  concepts  with  undesirable  characteristics  and  influenced  design  details  where 
concept  feasibility  was  demonstrated.  Empirical  data  and  improved  techniques  for  the 
prediction  of  shock  isolation  .system  dynamic  performance  were  also  obtained.  From 
these  test  results,  optimum  characteristics  for  shock  isolation  systems  were  established 
and  subsequently  directed  toward  specific  design  requirement  and  weapons  system  design 
specifications.  Five  general  shock  isolation  element  categories  were  subjected  to  candi- 
date component  testing  under  conditions  of  shock,  vibration,  and  impact  loading.  Tested 
elements  included  elastomeric  foam,  rubbers,  cables,  liquid  isolators,  and  candidate  floor 
structures.  Test  data  were  used  to  determine  acceleration  transmissibility  for  varying 
input  levels  for  each  of  these  elements. 

Within  required  design  constraints,  prototype  hardware  was  then  selected  based  on 
the  most  suitable  transmissibility  characteristics.  This  hardware  was  subsequently  sub- 
jected to  development  testing  to  provide  design  and  analysis  data  in  .support  of  the  sys- 
tem design.  Specific  isolation  system  designs  for  which  dynamic  response  characteristics 
are  presented  in  this  paper  include:  polyurethane  foam  blocks,  rubber  spring  assemblies, 
single  chamber  liquid  isolator  assemblies  and  a liquid/mechanical  shock  isolator  concept. 

Considerable  testing  was  conducted  on  flexible  foam  specimens  and  rubber  spring 
assemblies.  Force-deflection  data  were  obtained  from  tests  of:  static  compression,  impact 
drop  in  compression  and  shear,  and  shock  testing  with  varying  vector  impact  angles  and 
velocities.  Vitiations  in  specimen  densities,  sizes  and  formulation  techniques,  and  effects 
of  a teflon  antifriction  impact  surface  were  also  investigated. 

A prototype  liquid  shock  isolator  and  cable  a.ssembly,  duplicating  functional  charac- 
teristics of  the  isolator  design  for  a shock  isolated  equipment  platform,  was  fabricated 
and  tested  to  verify  the  functional  performance  of  the  isolator.  The  structural  integrity 
of  the  liquid  isolator  pressure  cylinder  and  seal  assemblies  were  demonstrated  while  load- 
deflection  tests  confirmed  the  isolator  predicted  spring  rate  and  established  the  seal 
friction  hysteresis.  Vertical  and  horizontal  shock  test  results  wi>re  usikI  to  correlaU' 
dynamic  isolator  re.sponse  with  pre-test  predictions.  The  source  of  the  transmitted  accel- 
erations were  identified  and  the  transmissibility  characteristics  of  the  liquid  shock  isolator 
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were  defiintl  for  use  in  predieting  the  isolation  system  dynamic  environment  from  0 to 
2000  cps,  and  ultimaiely  the  equipment  capability  requirements. 

A similar  test  program  was  condiu  ted  on  a single  liquid/mechanical  isolator  and 
cable  assembly,  proposed  lus  a possible  shock  isolation  concept  for  a mi.ssile  suspensit)n 
system.  Load-deflection,  vertical  shock  ;md  impact  tests  were  conducted  to  evaluate  iso- 
lator performance  and  transmissibility.  The  high  frequency  perfonnance  of  the  system 
was  equal  to  or  better  than  expected  and  the  environment  due  to  mechanical  spring  surge 
modes  were  not  significant.  Test  results  demonstrated  the  feasibility  of  the  design  and  it 
was  ultimately  incorporated  into  the  detailed  design  of  the  suspension  system. 

Subsequent  to  the  satisfactory-  performance  exhibited  during  the  single  liquid /mech- 
aniciil  isolator  tests,  dynamic  development  U'sUs  were  conducted  on  a prototype  design 
missile  suspension  .system.  The  test  specimen  consisted  of  three  liquid/mechanical  shock 
isolators  each  supported  by  a cable,  but  only  one  of  which  was  excited  by  a singU>  force 
actuator.  The  liquid  spring  portion  of  the  shock  isolator  was  from  an  operational  shock 
isolation  system  and  was  tested  as  ptu-t  of  the  concept  development  ti'sts  described  above. 
The  mechanical  spring  portion  of  the  isolator  was  prototype  hardware.  The  missile  i-age 
assembly  wius  representative  of  the  fimil  design  with  the  exception  of  foam  blocks  and 
elastomeric  springs  which  were  eventually  incorporated  in  tlu'  finjil  sysU'm  i-onfiguratitui 
for  shock  isolation  from  large  horizontal  motions.  A simulated  missile  mass  of  78,000 
pounds  was  used  supported  by  a “boilerplate"  skirt.  Specific  objectives  accomplistu'd 
with  this  test  program  were:  1)  establishing  the  full  stroke  load-deflection  characteristics 
of  th ' composite  isolar  as.sembly,  2)  detemiining  the  high  frequency  and  low  frequency 
transmissibility.  and  3)  determining  the  rigid  body  dynamic  response  characteristics,  and 
the  associated  loads,  when  the  upper  cable  attachment  point  of  the  prototype  missile  sus- 
pension system  was  subjected  to  a range  of  vertical  and  horizontal  simulated  weapon 
system  ground  shock  motions.  It  was  concluded  from  the  tt'st  program  that  tlu-  suspen- 
sion system  performance  was  quite  satisfactory  and  that  final  design  verification  testing 
should  be  accomplished  with  the  full  scale  suspension  system  and  missile. 

The  most  recent  series  of  component  tests  i-onsisted  of  a series  of  single  isolator 
U'sts  to  determine  the  performance  limits  of  the  liquid  isolator  assembly.  Ground  shock 
parameters  which  were  investigat('d  included  variations  in  test  level,  .shock  type  (positive 
only  or  positive  with  return)  and  vertical  to  horizontal  input  components.  I'he  t'ffects  of 
isolator  preloads  were  ;dso  investigated.  Test  results  established  a basis  for  comparison  of 
single  isolator  component  testing  with  fidl-floor  shock  test  [irograms.  Test  results  sup- 
ported qiuilification  of  the  new  shock  isolation  system  as  well  as  comiiliance  with  the 
final  liquid  isolator  design  specification.  This  program  provided  data  with  which  to  as.sess 
i.solator  transmi.ssibility  up  to  fragility  level  input  conditions,  llata  from  tliese  tests  were 
used  in  fragility  analyses  conducted  on  the  system.  Isolator  a.s.sembly  failure  thresholds 
and  actiuil  failure  conditions  were  establi.shed  through  cable  itssembly  failures.  On  tests 
where  cable  failure  was  achieved  as  planned,  the  minimum  cable  dynamic  failure  loads 
were  not  significantly  greater  than  the  certified  static  load  capability. 

Ck)mputer  analysis  models  were  dev('loi>ed  to  calculate  selected  responses  associated 
with  the  new  shock  isolation  systems.  The.se  models  were  initiated  during  the  candidate 
component  tests  and  design  pha.ses  of  the  |)rograms  deseribed  above,  and  weri>  subse- 
quently developed  and  improved  as  test  data  from  tlie  component  develo(>ment  test  pro- 
grams became'  available. 
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Exaniplos  of  the  component  analysis  models  derived  for  this  program  were  published 
by  Sepcenko  (2)  on  the  “Aimlysis  of  Open  Cell  Polyurethane  Foam,”  and  by  Vail  (3)  on 
the  “Effects  of  Additive  Damping  on  Transfer  Function  Characteristics  of  Floor  Struc- 
tures.” 

An  effective  single  liquid  isolator  analysis  model  has  been  developed,  demonstrating 
excellent  test/analysis  correlation  for  the  single  isolator  tests,  and  providing  confidence  in 
the  system  analysis  models. 
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ANALYSIS  AND  TESTING  OF  FULL  SCALE 
SHOCK  ISOLATED  EQUIPMENT  FLOORS 

William  R.  Milne 

Boeing  Aerospace  Company,  Seattle,  Washington 


lncrea.sed  nuclear  threats  identified  during  the  past  decade  have  resulted  in  the  need 
to  design  an  improved  equipment  floor  to  insure  sur\’ival  of  electronic  equipment  critical 
to  a silo  based  ICBM  system.  The  improved  equipment  floor  design  requirements  limited 
loads  on  the  sensitive  equipment  during  the  period  when  the  suspension  system  was  ex- 
posed to  facility  motions  considerably  in  excess  of  those  used  for  the  previous  equipment 
floor  design.  The  design  problem  was  compounded  by  two  design  constraints  which  wert' 
to  fit  this  new  equipment  floor  into  the  existing  facility  and  to  limit  the  floor  response 
loads  and  environment  to  current  equipment  capabilities.  The  design  criteria  a.ssociated 
with  this  increased  facility  motion  was  expressed  in  terms  of  a shock  speidrum  wliich 
represented  a composite  .shock  ri'quirement  including  motions  induced  by  the  .airblast  and 
ground  transmitted  effects  induced  by  the  cratering.  Air  (bhast)  induced  motions  are 
characterized  by  a high  velocity  and  acceleration  and  a relatively  low  di.splai'cment.  The 
direct  induced  (cratering!  motions  are  characterized  by  a low  acceleration,  low  velocity 
aj7d  a large  displacement  relative  to  that  of  the  air  induced  pul.se. 

A simplified  analytical  model  for  an  equipment  floor  with  idealized  veitical  and 
horizontiil  isolators  was  established  to  support  the  selection  of  a candidate  concept.  It 
iH'came  obvious  as  the  study  progre.ssed  that  the  air  induced  motion  had  a significant 
influence  on  the  floor  loads  while  the  direct  induced  motion  had  a significant  influence 
on  the  overall  system  motions.  To  accommodate  both  of  these  response  conditions,  a 
.system  concept  was  s(4ected  which  was  an  annular  steel  equipnu'nt  fltior  with  v<>rtical 
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isolation  provided  by  four  liquid  isolators  attached  by  cables  to  the  facility  ceiling  and 
horizontal  isolation  provided  by  polyurethane  foam  blocks  mounted  on  the  sides  of  the 
floor.  Existing  equipment  racks  were  mounted  on  the  upper  surface  of  the  floor  and 
batteries  and  a motor  generator  set  were  suspended  by  structure  from  the  underside  of 
the  floor. 

A detailed  review  of  the  analysis  and  testing  requirements  indicated  the  feasibility  of 
dividing  the  activity  into;  (1)  component  analysis  and  testing  which  could  be  developed 
separately  and  subsequently  integrated  into  the  system  design  and  (2)  the  overall  system 
mialysis  and  testing  whieh  utilizes  results  from  the  component  level  work.  The  compo- 
nent analysis  of  the  liquid  isolator  and  the  horizontal  foam  restraints  were  developed 
separately  and  systematically  improved  by  a series  of  component  test  programs.  'I’he 
overall  system  analysis  was  accomplished  using  a three  dimensional  (6  degree  of  freedom) 
loads  ;md  excursions  an;ilysis  known  as  the  "N”  isolator  program  and  a linear  transmis- 
sibility  analysis  using  Fourier  transform  techniques  which  relates  floor  response  to  input 
motion  or  to  responses  at  other  floor  locations. 

In  the  “N”  isolator  model  the  vertical  isolation  system  (liquid  spring)  is  modeled  by 
a force-deflection  curve  and  appropriate  dissipation  functions  derived  from  the  single  iso- 
lator analysis/test  results  and  the  horizontal  isolation  system  is  represented  by  using  the 
foam  component  model  analysis/test  results.  System  inputs  are  provided  by  velocity  time 
histories  or  the  as.sociated  displacements  which  are  defined  at  the  facility /isolator  and  the 
facility/foam  interfaces.  System  responses  tire  computed  by  integrating  the  nonlinear 
equations  of  motion  to  establish  transient  time  histories  of  floor  motions  at  the  system 
stiffness  center.  These  responses  are  used  with  a geometric  transfer  function  to  cominite 
the  motions  and  loads  at  ;uiy  location  on  the  equipment  floor.  Displacements  are  gener- 
ally calculated  relative  to  the  facility  for  easy  assessment  of  the  available  rattlespace. 

During  the  early  design  phase,  a transmissibiUty  analysis  using  Fourii'r  transform 
techniques  was  developed  to  predict  floor  environments  up  to  2000  I'ps.  This  analysis 
technique  established  a system  transfer  function  using  a finite  element  modal  analysis  for 
respon.ses  below  50  cps  and  a transfer  function  based  on  smiill  floor  segment  tests  for  thi- 
range  50  cps  to  2000  cps.  This  effort  was  necessitated  by  a system  requirement  specify- 
ing an  absolute  upper  bound  on  the  operating  environment  that  could  be  (uvsent  at  the 
floor/ equipment  interface. 

-As  the  analytical  activities  progressed,  the  requirement  for  a full  scale  system  level 
test  program  was  identified.  The  major  goiils  of  the  test  were  to  verify  the  vertical  sus- 
pension system  performanee  when  it  was  exposed  to  eriteria  level  inputs  to  the  liquid 
isolator  set.  Key  (lanmieters  that  were  evaluated  were  isolator  ;uul  floor  loads,  isolator 
set  damping  and  floor  high  frequency  environment.  The  test  (irogram  would  also  provide 
transmissibility  data  for  a prototype  floor  strueture  which  was  then  used  to  update  the 
transmissibility  luialysis  model.  Uncertainties  in  the  transmissibility  analysis  and  the  im- 
portance of  the  floor/equipment  interface  environment  were  the  most  important  reiiuire- 
ment  for  full  scale  system  testing.  An  additional  goal  was  to  evaluate  the  system  respon.se 
to  input  viilues  at  and  in  excess  of  the  nominal  design  criteria  without  risking  failuri'  of 
the  floor  and  with  the  eleetrieal  equipment  operating. 

A two  part  test  program  was  planned  for  eonduet  in  the  full  scale  test  facility 
designed  specifically  to  test  a complete  shock  isolated  equipment  floor.  'I'he  horizontal 
foam  isolators  were  not  driven  during  the  test  since  a prior  floor  .segment  test  program 
had  verified  the  ability  to  analytically  predict  thi'  influence  of  the  driven  foam  on  the 
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I floor  responses.  The  first  part  of  the  test  program  (the  Block  1 test  program)  varied  input 

levels,  input  azimuth  and  input  angle  with  vertical  and  determined  the  floor  responses  at 
j the  interface  with  mass  simulated  electronic;  equipment.  The  second  portion  of  the  test 

• program  (the  Block  11  test  program)  repeated  and  then  increased  input  velocities  and  dis- 

I placements  over  those  input  in  the  Block  1 test  and  utilized  operating  electronic  equip- 

I ment. 

I The  Block  ! test  program  was  successfully  completed  in  May  1973  and  it  verified 

( the  ability  of  the  shock  isolated  equipment  floor  to  meet  its  design  requirements.  The 

i .sensitivity  of  the  floor  response  to  input  angle  with  vertical  and  to  input  azimuth  was 

\ established.  It  was  shown  that  the  floor  transmissibility  was  a nonlinear  function  of  input 

i amplitude  with  a lower  threshold  level  of  floor  environment  caused  by  the  breaking  of 

isolator  friction.  Isolator  loads  were  generally  found  to  be  lower  than  loads  experienced 
during  the  prior  floor  segment  test  program. 

i The  Block  II  test  program  was  successfully  compleb'd  in  October  1973  and  verified 

I the  ability  of  the  electronic  equipment  to  perform  at  and  in  excess  of  the  nominal  design 

j criteria.  Comparison  of  floor  responses  with  responses  from  tests  using  mass  simulated 

; electronics  confirmed  the  adequacy  of  the  ma.ss  simulation  approach  used  during  Block  1 

1 testing  and  the  floor  responses  were  found  to  generally  be  proportional  to  isolator  loads 

I arid  not  necessarily  to  exact  input  level. 

i 

The  full  scale  floor  test  programs  contributed  significantly  to  the  development  of  a 
fully  verified  analysis  which  was  then  used  to  qualify  the  operational  suspension  system 
for  all  aspects  of  the  design  criteria.  The  analytical  models  were  subsequently  used  along 
with  data  from  the  single  isolator  failure  tests  to  establish  the  fragility  levels  of  the  shock 
isolated  equipment  floor. 


EQUIVALENT  AXISYMMETRIC  STRUCTURAL 
LOADING  FOR  A TRAVELING  OVERPRESSURE  PULSE 

J.  J.  Farrell,  D.  J.  Ness  and  G.  M.  Teraoka 
TRW  Systems  Group,  Redondo  Beach,  CA 


Survivability  evaluation  of  protective  structures  under  nuclear  attaek  environments  is 
often  aided  by  finite  element  analyses.  Currently,  such  analyses  are  limited  to  two- 
dimensional  (axisymmetric  or  plain  strain)  computer  calculations.  This  paper  examines 
several  implications  of  using  a zeroth  order  Fourier  expansion  of  a traveling  nuclear  air- 
blast  loading  for  calculation  of  the  response  of  a surface-flush  axisymmetric  structure. 

Various  calculational  schemes  have  been  used  to  approximate  a nuelear  traveling 
pressure  loading  in  an  axisymmetric  calculation.  The  simplest  approximation  can  be 
made  when  the  airblast  is  very  superseismic  with  respect  to  the  ground  media.  In  such  a 
casi',  a uniform  (or  pancake)  load  applied  simultaneously  to  ;ill  surface  nodes  w'ould  be  a 
reasonable  approximation.  The  time  history  of  this  unifonn  load  is  usually  taken  to  be 
the  pressure  pulse  at  the  structure  centerline  (axis  of  symmetry)  modified  by  addition  of 
a rise  time  sized  to  minimize  spurious  oscillations  within  th('  grid.  A more  recent  ap- 
proach has  considered  computing  the  average  force  acting  on  the  structure  plan  area  at 
any  instant  of  time  and  then  dividing  this  by  the  plan  area  to  obtain  an  “Impulse 
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Averaging  Load”  exhibiting  a more  realistic  rise  time  and  smoothed  peak  based  on  the 
structure  transit  time.  However,  it  is  obvious  that  such  simultaneous  loading  procedures 
cannot  introduce  the  effects  of  uprange  loads  propagating  through  the  earth  media. 

Another  approximation  which  has  been  used  is  the  so  called  “converging  shock” 
load.  In  this  scheme,  the  centerline  time  historj’  pulse  is  swept  across  the  grid  at  the 
proper  shock  front  velocity.  This  technique  does  introduce  the  effects  of  uprange  loads 
^ but  results  in  too  severe  a loading  condition  as  it  axisymmetrically  models  a blast  load 

■ converging  on  the  structure  from  all  sides. 

Fundamentally,  an  axisymmetric  model  for  a structure-media  interaction  calculation 
assumes  that  the  loading  and  subsequent  response  is  identicjil  for  all  points  lying  on  a 
circular  ring  of  radius  r centered  upon  the  symmetry’  axis  of  the  structure.  The  method 
presented  in  this  paper  is  based  on  applying,  to  a given  loaded  surface  node  at  a radius  r 
in  the  2-dimensional  axisymmetric  grid,  the  zeroth  order  coefficient  Po(r,t)  of  a Fourier 
i expansion  of  the  actual  traveling  nuclear  overpressure  pulse  acting  upon  the  entire  circu- 

I lar  ring  of  radius  r. 

I 

I Qualitatively,  the  derived  pressure  time  history  Pq(o,  1)  applied  to  the  surface  node 

['  on  the  symmetry’  axis  is  identical  to  the  nuclear  pressure  pulse  at  that  location  since  this 

i unique  node  corresponds  to  a degenerate  ring  of  radius  r = o for  which  the  average  pres- 

sure is  equal  to  the  pressure  at  that  discrete  point.  For  surface  nodes  off  the  symmetry 
axis  at  a radius  r,  a rise  time  plus  a smoothing  of  the  initial  shock  peak  is  introduced, 

I both  effects  increasing  monotonically  with  r.  The  arrival  time  of  the  applied  load  pulse 

I at  a given  node  is  a monotonically  decreasing  function  of  r,  indicating  a traveling  load 

! traversing  the  grid  toward  the  structure  centerline.  Thus,  the  present  method  yields  a 

i converging  type  loading  which  approximates  the  asymmetry  in  the  actual  3-dimensional 

nuclear  loading, 

i 

I Relations  for  Po(r,t)  have  been  derived  and  implemented  using  the  Brode  Simple  Fit 

I expressions  for  a nuclear  height-of-burst  overpressure  pulse.  This  forcing  function  has 

then  been  incorporated  into  the  SAMSON  finite  element  code  and  check  ca.ses  run  to 
assess  its  capability  to  approximate  a 3-dimensional  traveling  pulse  on  a 2-dimensional 
axisymmetric  grid. 


DYNAMIC  RESPONSE  OF 
ELECTRICAL  CABLES  TO  SHOCK  MOTION 

R.  W.  Doll 

TRW  Systems  Group,  Redondo  Beach,  CA 

The  response  for  flexible  cables  is  derived  in  terms  of  the  longitudinal,  torsional  and 
two-transverse  equations  of  motion.  The  kinematics  of  the  cable  motion  are  derived  in 
terms  of  the  Frenet-Serret  curvature-torsion  parameters,  and  the  equations  of  motion  ;u-e 

obtained  from  Hamilton’s  Principle.  Special  attention  is  given  to  conditions  when  the  ! 

cable’s  response  lies  in  the  plane  of  excitation  or  when  it  is  a coupled  non-planer  re-  \ 

sponse.  This  investigation  shows  that  only  when  tq  is  equal  to  zero  and  either  kq  or  K(>,  i 

is  equal  to  zero,  or  when  all  three  parameters  are  equal  to  zero  will  the  response  be  j 

planer.  | 
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An  investigation  of  the  cable  response  is  accomplished  using  a finite  element  discreti- 
zation of  the  equations  of  motion.  In  general  the  development  of  the  curvilinear  finite 
element  is  based  on  the  assumption  that  a set  of  local  intrinsic,  curvilinear  coordinates 
are  specified  a priori  and  that  the  local  field  can  be  approximated  by  cubic  Hermite  inter- 
polation polynomials  in  these  coordinates  resulting  in  an  isoparametric  cable  element. 

The  resultant  algebraic  eigenvalue  problem  is  solved  by  reducing  the  problem  to  tri- 
diagonal form  using  a Householders  reduction  and  then  using  the  QR  algorithm  to  solve 
for  the  cable  eigenviilues  and  eigenvectors.  The  results  are  shown  for  a quarter  circular 
arc  which  represented  a cable  section  between  an  isolated  floor  and  a fixed  vertical  widl. 

A qualitative  comparison  with  uninstrumented  tests  is  presented. 


FAILURE  ANALYSIS  BY  STATISTICAL  TECHNIQUES  (FAST) 

W.  H.  Rowan 

TRW  Systems,  Redondo  Beach,  CA 


FAST  is  a tool  developed  over  the  past  decade  because  of  the  need  for  twaluating 
the  nuclear  survivability  of  strategic  weapons  systems.  These  weapons  systems  happened 
to  employ  many  sites  built  silmost  identically.  This  led  to  early  recognition  that  a statis- 
tical approach  would  be  useful— to  take  into  account  such  random  variations  as  those  in 
soil  properties  and  construction  quality. 

The  FAST  methodology  has  been  applied  mostly  to  in-place  weapons  systems  for 
the  purpose  of  evaluating  inherent  sysUmi  hardness  or  the  benefit  of  hardness  improve- 
ments. The  FAST  technique  has  also  been  used  in  safety  analysis  of  ships,  and  is  applica- 
ble to  earthquake  design.  In  general,  it  has  wide  potential  applicabilit>  to  the  hardness/ 
survivability  evaluation  of  any  military  or  civilian  system. 

The  hardness  evaluation  or  a.s.sessment  of  a complex  system  subjected  to  a hostih- 
environment  requires  calculation  of  the  probability  of  respon.se  of  (>ach  component  to  the 
hostile  environment,  determination  of  the  probability  of  failure  of  each  component  for 
that  response,  and  the  combination  of  the  component  probabilities  to  obtain  the  failure 
probability  of  the  system.  The  FAST  code  has  be(>n  designed  to  p»-rfonn  this  evaluation 
in  a manner  such  that  parametric  sensitivity,  trade-off  and  optimization  studies  can  be 
readily  accomplished. 

Typiciilly,  all  system  components  are  identified  and  catalogued.  In  order  to  more 
conveniently  catalogue  the  system,  its  components  can  be  grouped  into  subsystems.  Then 
the  possibility  of  each  component  or  subsystem  directly  or  indirectly  contributing  to  sys- 
tem failure  is  ascertained.  The  individual  failure  mechanisms  and  fragilities  of  the  coin[to- 
nents  are  determined  and  related  to  parameters  of  the  hostile  environments. 

In  the  FAST  code,  each  component  failure  probability  is  mod«'led  by  a fragilit\ 
curve  that  defines  for  each  component  or  subsystem  the  probability  of  failuri'  as  a func 
tion  of  the  local  system  response  to  the  free  field  environments.  Uomi>onent  probabil 
ities  of  failure  are  combined  in  system  network  (>quations  to  computt'  system  prol)abilit\ 
of  survivability.  The  system  network  is  a functional  ile.scription  which  specifii's  the 
series/parallel  relationship  l)etwi>en  components.  Components  are  in  s('ries  if  all 
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components  are  required  to  accomplish  an  essential  system  function,  and  are  in  parallel  if 
any  one  could  perform  the  essential  function. 

An  important  facet  of  the  FAST  methodology  is  treatment  of  the  underlying  uncer- 
tainties in  predicting  system  hardness.  Of  the  four  system /environment  inputs  to  KASI, 
the  system  network  is  the  only  one  that  must  be  known  exactly.  The  code  acknowledges 
and  accommodates  finite  uncertainty  in  modeling  environments,  transfer  functions  an 
component  fragilities.  Uncertainty  in  environment  estimates  is  often  due  to  the  lack  ot 
adequate  analytic  or  empirical  models  for  scaling  nuclear  weapon  effects.  This  is  also 
true  of  the  uncertainties  ascribed  to  transfer  functions.  Uncertainties  in  component  fra- 
gilities are  primarily  a consequence  of  insufficient  test  data  on  the  components  at  levels 
near  and  beyond  failure.  One  of  the  most  valuable  features  of  FAST  is  that  these  uncer- 
tainties are  individually  modeled  and  are  properly  accounted  for  in  the  calculation  of  sys- 
tem failure  probability.  Two  categories  of  variations  are  recognized  by  the  FASl  code, 
namely,  random  and  systematic  variations. 

The  fundamental  difference  between  random  and  systematic  variations  is  that  a sys- 
tematic variation  extends  uniformly  over  a population  of  facilities  whereas  random  varia- 
tions extend  non-uniformly  from  one  facility  to  another.  Random  variations  tend  to 
average  out  over  a large  population  whereas  systematic  variations  do  not.  It  is  noted 
that  systematic  variations  are  usually  reducible  by  test  and/or  analysis  programs  which 
improve  models  of  the  phenomenology  and  system  behavior.  Random  variations  may 
also  be  reduced  under  some  conditions  but  the  value  of  such  improvements  is  question- 
able for  systems  with  liu-ge  populations.  The  FAST  code  treats  both  random  and  system- 
atic variations  of  environments,  fragilities  and  transfer  functions. 

The  FAST  approach  combines  separate  estimates  of  the  environments,  transfer  func- 
tions fragilities,  corresponding  correlation  and  systematic  variability  estimates,  and  a 
system  functional  network  to  provide  probabilities  of  survival  of  the  system,  subsystems, 
and  components.  Probability  of  survival  is  given  as  a best  estimate  value  along  with  cer- 
tainty (or  confidence)  bands  for  any  pre-selected  range  from  a natural  or  manmade 
energy  source. 

This  report  contains  the  following  information  relative  to  the  FAST  techniques; 

• A description  of  the  analysis  formulation  and  of  the  inputs  needed  to  perform 
systi'm  assessment  studies 

• A description  of  the  computer  code  and  its  operation 

• Application  of  the  technique  to  a sample  probli'in  which  has  been  designed  to 
address  the  key  aspects  of  the  methodology  and  its  practical  aspects. 
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DESIGN  OF  A BLAST  LOAD  GENERATOR 
FOR 

OVERPRESSURE  TESTING 


P.  Lieberman 

TRW  Systems  Group,  Redondo  Beach,  CA 


Communication  between  hardened  facilities  is  commonly  performed  using  long  runs 
of  hardened  cables  that  are  buried  underground.  These  cables  contain  splice  cases  to  con- 
nect cables  from  different  cable  reels.  After  many  years  of  splice  case  burial  in  both  dry 
and  wet  soil  sites,  it  is  important  to  validate  that  the  hardness  requirements  are  being 
satisfied  for  the  aged  and  corroded  splice  cases.  For  this  reason  a blast  load  generator, 
for  testing  exhumed  splice  cases,  was  designed  and  built  at  Hill  AFB,  Utah. 

The  environment  experienced  by  a splice  case  includes 

• Short  rise-time  to  peak  pressure  which  induces  acceleration  loads 

• Peak  pressure  which  could  induce  brittle  material  failure 

• Total  impulse  which  could  induce  ductile  material  failure 

The  splice  cases  burial  depths  are  3 to  4 feet.  The  surrounding  medium  could  be 
either  water  for  simulation  of  a well  coupled  hydrostatic  applied  load  or  soil  for  simula- 
tion of  soil-arching  after  plastic  deformation  of  the  case  and  for  simulation  of  the  asym- 
metric applied  load.  It  was  also  required  that  the  facility  be  operated  with  inert  driver 
gases,  and  use  existing  piping  available  at  Hill  AFB. 

The  result  of  these  criteria  is  a blast  load  generator  with  a shock  tube  driver,  vent 
.system,  and  a test  chamber.  The  shock  tube  driver  is  a 1 foot  diameter  pipe  which  con- 
tains up  to  1800  psi  with  a double-diaphragm  activation  valve.  The  vent  system  dumps 
the  shock  tube  gases  at  a rate  prescribed  by  the  required  total  impulse,  but  the  dump  is 
not  activated  until  the  entire  system  is  at  equilibrium  at  the  peak  pressure.  The  test 
chamber  is  7 feet  high  and  7 feet  in  diameter,  and  proof  tested  to  1200  psi.  The  test 
chamber  is  filled  with  soil  with  water  atop  the  soil. 

The  peak  pre.ssure  requirement  in  the  test  chamber,  free  volume  above  the  wat(>r 
surface,  and  change  in  water  and  soil  volumes  under  pressure  sill  determine  the  pressure 
and  volume  of  the  shock  tube  driver.  This  calculation  assumes  thermodynamic 
equilibrium. 

I'or  a prescribed  pressure  history  in  the  gas  of  the  small  diameter  shock  tube,  the 
wave  reverberations  transmitted  into  the  diverging  diameter,  liquid  filh'd  pipes  and  cham- 
bers eventually  reflect  at  the  water/soil  interface  in  the  test  chamber  and  at  the  soil/con- 
cr«>te  interface  at  the  bottom  of  the  test  chamber.  The  rise  to  peak  pressure  at  the  3.5 
feet  depth  of  soil  is  markedly  different  for  different  shock  tub(>  diameters  and  for  differ- 
ent test  chtunber  water  and  soil  depths.  This  is  the  main  point  of  the  work  reported 
herein.  Approaches  to  achieve  rapid  rise  times  are  discusscKl. 
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There  is  a marked  difference  in  damage  imposed  by  a soil  environment  versus  a water 
environment  when  the  imbedded  test  structure  (splice  case)  deforms  plastically.  The  soil 
tends  to  transmit  smaller  loads  to  the  splice  case  once  it  deforms,  as  compared  to  water. 


DYNAMICAL  BEHAVIOUR  OF 
COMPLEX  STRUCTURES,  USING  PART  EXPERIMENT 
PART  THEORY 


J.  C.  Cromer  and  M.  Lalanne 

Institut  National  des  Sciences  Appliquees,  Villeurbanne,  France 
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Dynamic  modelling  of  complex  structures  is  sometimes  impossible,  even  by  numeri- 
cal methods. 

In  earlier  references,  other  workers  have  described  procedures  for  the  experimental 
determination  and  use  of  modal  representation  of  dynamic  characteristics. 

In  this  paper,  theoretical  procedures  are  simplified  using  kinetic  and  potential  energy 
representation.  A general  method  for  calculating  complex  structures  using  part  experi- 
ment, part  theory  is  then  exposed  using  a building  block  approach  [1],[2]. 

Only  the  constrained  modal  method  is  considered  here.  The  unconstrained  modal 
method  has  also  been  studied  theoretically. 

Practical  structures  generally  possess  a very  large  number  of  degrees  of  freedom;  in 
order  to  reduce  this  number,  the  common  technique  of  using  the  normal  modes  of  the 
components  as  generalized  coordinates  of  the  system  is  utilized. 

Using  this  method,  we  suppose  that  in  order  to  predict  the  response  of  the  complete 
structure  in  a given  frequency  range,  only  a small  number  of  modes  need  be  considered 
for  each  component. 

The  constrained  modal  method  is  developed  so  that  the  component  model  is  entirely 
available  from  experimental  data:  natural  frequencies,  modal  masses,  modal  restraining 
forces  at  the  connection  coordinates. 

The  components  whose  properties  are  determined  by  experiment  are  then  connected 
with  substructures  which  are  modelled  by  finite  element  methods.  The  method  is  tested 
on  simple  examples  consisting  of  cantilever  beams.  Tests  are  set  up  to  determine  the 
influence  of  the  number  of  constrained  modes,  and  the  degree  of  precision  required  of 
the  experimental  data. 

• The  structure  studied  here,  is  a horizontal  plate  supported  at  four  points  ana- 
lysed by  a finite  element  method  on  which  a vertical  cylinder  representing  a gas 
diffusion  column  is  fixed.  This  last  component  is  modelled  by  its  first  six  ex- 
perimental constrained  modes. 

• Experiments  have  been  performed  with  a new  Solartron  Analyser  System. 

Modes  shapes  and  natural  frequencies  of  the  complete  structure  have  been 
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obtained  using  a simultaneous  iterative  technique.  The  computer  program  was 
written  in  FORTRAN  IV. 


• The  agreement  between  calculated  and  measured  modes  and  frequencies  is  good 
over  a wide  range  of  frequencies  including  the  first  eight  natural  modes  of  the 
complete  structure. 

In  conclusion,  we  think  that  this  method  is  suitable  for  studying  the  dynamic  be- 
haviour of  complex  systems  for  which  theoretical  modelling  cannot  be  performed  other 
advantages  of  the  method  are: 

• component  modelling  either  by  experimental  or  theoretical  data; 

• reducing  the  order  of  resulting  matrices; 

• possibility  of  modifying  a component  without  reevaluating  the  whole  structure; 

• component  modes  influence  simulation  on  the  whole  structure. 
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THE  EXPERIMENTAL  DETERMINATION  OF  VIBRATION  PARAMETERS 

FROM  TIME  RESPONSES 

S.  R.  Ibrahim 

NASA  Langley  Research  Center,  Hampton,  Virginia,  U.S.A. 

and 

E.  C.  Mikulcik 

Department  of  Mechanical  Engineering,  The  University  of  Calgary, 
(;algar>’,  Alberta.  Canada 


This  paper  de.scribes  Iheort'tical  a.spects  of  experimental  verification  of  the  applica- 
tion of  a time  domain  modal  vibration  test  technique.  The  theory  of  the  techniqiu*  is 
based  on  a reformulation  of  the  ordinary  differential  equations  of  motion  of  a multi- 
degree of  freedom  system  with  viscous  diunping.  These  equations,  in  slate  variable  fonn, 
comprise  the  mathematical  model  that  is  used  for  identifying  a system’s  vibration  param- 
eters. The  theor>'  is  applicable  to  both  lumped  and  distributed  parameter  systems. 

Special  attention  is  dire<  ted  tt>  applying  this  technique  in  practice.  Sevenil  applica- 
tion problems  such  as  exciting  the  structure,  minimi/.ing  of  me,asurement  data,  d('t<>rmin- 
ing  of  the  order  of  the  mathematical  model,  minimizing  of  th(>  amount  of  instrumentation 
required  and  averaging  of  results  are  examined  and  solutions  are  presented. 
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The  applicability  of  the  technique  is  verified  by  two  experimenUi  using  a cantilever 
beam  and  a rectangular  plate.  The  case  of  the  plate  involves  two  dose  natural  frequencies 
which  could  not  be  identified  using  a frequency  sweep  U'st  (peak  amplitude)  because  of 
interference  between  modes. 

The  merits  of  the  technique  as  a practical  vibration  testing  method  are  the  following: 

1.  No  assumptions  were  made  concerning  the  level  of  damping  or  the  closeness  of 
natural  frequencies  in  the  derivation  of  the  theory  of  the  technique. 

2.  'I'he  free  response  of  the  structure  under  test  is  used,  thus  no  recording  of 
the  initial  exciting  forces  is  required. 

3.  The  experimental  data  required  for  this  technique  can  be  any  one  of  the  free 
acceleration,  velocity,  displacement  or  strain  responses. 

4.  The  amount  of  instrumentation  required  is  minimized.  A structure,  however 
complex,  can  be  identified  in  stages  by  using  two  stations  at  a time. 


IDENTIFICATION  OF  STRUCTURAL  MODAL  PARAMETERS 
BY  NODAL  DYNAMIC  TESTS 

N.  Miramand,  J.  F.  Billaud,  and  F.  Leleux 
Centre  Technique  des  Industries  Mecaniques,  Senlis,  France 

and 

J.  P.  Kemevez 

Universite  de  Technologic  de  Compiegne,  Compiegne,  France 

Amongst  the  different  experimental  techniques  used  for  assessing  modal  character- 
istics of  a linear  structure,  methods  based  on  dynamic  excitation  at  a single  point  of  the 
structure  are  the  easiest  to  implement.  There  are  several  ways  to  perfonn  excitation: 
slow  or  fast  frequency  sweeping,  transient  or  random  excitation.  In  the  latter  ca.ses, 
Fourier  analysis  of  the  excitation  and  of  the  response  of  the  structure  leads  to  transfer 
functions  which  can  be  assessed  directly  using  a slow'  sine  sweeping  excitation. 

During  these  dynamic  tests,  vibration  modes  of  the  structure  can  be  coupled  heavily 
with  the  ncxliil  excitation  and  it  is  necessary  to  analyse  numerically  the  transfer  fuiu'tions 
obtained  to  ascertain  with  precision  the  modal  panuneters  of  the  structure:  natural  fn*- 
quencies,  generalized  masses,  stiffnesses  and  dampings  and,  in  addition,  the  corresponding 
modal  shapes. 

The  dynamic  identification  methods  developed  in  the  past  can  be  classifi('d  accord- 
ing to  the  chosen  mathematical  model  describing  the  structure  and  the  power  of  identifi- 
cation of  vibration  modes  with  nearly  coincident  frequencies.  The  damping  model  might 
be  mainly  structunil  or  viscous,  and  “proportional”  or  not,  according  to  whether  or  not 
the  damping  matrix  incorporated  in  the  mathematical  model  of  the  structure  can  be 
diagonali.sed  on  th(>  ba.se  of  natunil  modes  of  the  conservativ('  structun'. 

The  present  work  de;ils  with  identification,  after  nodal  dynamic  excitation  tests,  of 
modal  piiTiimeters  of  a structure  with  arbitrary-  viscous  damping,  and  possibly  with 
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practically  coincident  frequencies  of  vibration.  Damping  values  are  not  necessarily  low 
imd  the  restrictive  condition  that  it  be  possible  to  diagonalize  the  damping  matrix  on  the 
base  of  the  natural  modes  of  the  conservative  structure  is  not  imposed. 


The  coefficients  of  the  mobility-displacement  functions  given  by  the  mathematical 
model  of  the  structure  are  calculated  by  a least  squares  fit  of  theoretical  values  to  the 
experimental  results.  A variational  formulation  of  the  error  is  established;  this  leads  to 
the  assessment  of  unknown  coefficients  by  minimising  a quadratic  functional  of  the  form: 
J(Z)  = 1/2(AZ,Z)  — (h,Z)  where  .-\  and  b respectively  are  a semi-positive  definite 
matrix  and  a vector  function  of  experimenUU  data;  Z represents  the  vector  of  coefficients 
to  be  identified. 

By  decomposition  in  rational  fractions  of  the  so  identified  transfer  functions,  the 
search  for  poles  leads  to  the  complex  eigenvalues  corresponding  to  each  vibration  mode 
of  the  structure.  The  numerators  of  the  rational  fractions  give  the  eigenvectors  (re<il  or 
complex)  corresponding  to  these  eigenv;ilues  and  the  modal  coefficients  which,  in  the  case 
of  proportioniil  damping,  lU’e  the  generalized  masses  of  the  structure.  This  method  does 
not  require  luiy  preliminary  estimation  of  the  results.  This  is  a definite  advantage  for  the 
aniUysis  of  test  data. 

Several  examples  of  identification  are  presented  to  illustrate  the  performance  of  this 
new  method  in  assessing  accurate  values  for  modal  characteristics  of  structures  in  difficult 
cases.  In  particular,  for  structures  with  practically  coincident  natural  frequencies  (com- 
parative frequency  difference  Af/f  = 10'®),  with  tow  or  high  damping  values,  the  modes 
of  vibration  are  defined  with  precision. 

On  computer  simulatt'd  exiunples,  where  experimental  measurements  are  supposed  to 
IX'  exact,  the  relative  accuracy  obtained  on  modal  chiu'acteristics  is  generally  better  than 
10'^.  In  addition,  the  identification  method  developed  does  not  present  undue  .sensitivity 
to  measurement  errors  unavoidable  when  testing  structures.  The  number  of  modes,  rt'al 
or  complex,  in  the  frequency  band  aniUysed  may  be  high.  It  is  possible  to  eliminate  the 
effect  of  truncation  of  the  modjil  ba.se,  which  influences  the  accuracy  of  modal  chiu'ac- 
teristics, by  searching  for  more  vibration  modes  than  the  observed  frequency  band 
actiuilly  has. 


VISCOUS  vs.  STRUCTURAL  DAMPING  IN  MODAL  ANALYSIS 

Mark  Richardson  and  Ron  Potter 
Hewlett-Packard  Company,  Santa  C'lara,  CA 


Anyone  involved  in  the  study  of  mechanical  vibrations  is  aware  that  numerous 
mechanisms  lure  responsible  for  the  dissipation  of  energy  in  a moving  structun*.  We  are 
taught  that  viscous  damping  is  the  easiest  and  most  natural  type  to  model  mathematically, 
hut  then  we  learn  that  structural  (hysteretic)  and  coulomb  damping  mechanisms  actually 
dominate  in  the  rciil  world.  Con.sequently,  various  ways  have  been  suggested  to  incorpo- 
rate the.se  more  realistic  damping  mechanisms  into  the  system  equatioi\s. 

In  this  paper,  we  first  review  the  various  damping  mechanisms,  and  introduce  a sim- 
pl<*  \.’ay  to  catalog  the  various  types.  Then  we  .show  that  a vi.scous  damping  component 
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can  always  be  extracted  from  the  actual  damping  force,  and  that  this  viscous  damping 
component  accounts  for  all  of  the  energy  loss  from  the  system. 


As  a result  of  this  theory,  we  find  that  in  order  to  completely  describe  the  damping 
characteristics  of  a linear  representation  of  a mechanical  structure,  only  viscous  damping 
need  be  modeled  mathematically,  and  only  the  viscous  component  need  be  measured.  In 
addition,  we  show  that  it  is  nearly  impossible  to  discriminate  between  viscous  and  struc- 
tural damping  without  physically  altering  the  structure.  This  is  not  to  say  that  damping 
is  independent  of  displacement  amplitude,  but  that  for  a given  amplitude,  there  is  an 
equivalent  viscous  component  that  describes  the  energy  loss  for  that  amplitude. 

This  point  of  view  is  particularly  valuable  when  we  attempt  to  identify  the  complex 
modes  of  vibration  of  a mechanical  structure  using  transfer  functions  measured  in  the 
frequency  domain.  Each  vibration  mode  (at  any  point  on  the  structure)  can  be  modeled 
by  a simple  single  degree-of-freedom  form,  having  some  effc’ctive  viscous  damping  factor, 
no  matter  what  the  actual  damping  mechanism  may  be.  Any  remaining  response  will 
represent  nonlinear  behavior,  but  does  not  cause  any  additional  energy  loss  from  the 
structure. 


EXPERIENCES  IN  USING  MODAL 
SYNTHESIS  WITHIN  PROJECT  REQUIREMENTS 

J.  A.  Garba,  B.  K.  VV'ada  and  J.  C.  Chen 

Structures  and  Dynamics  Section,  Jet  Propulsion  Laboratory,  Pasadena,  California 

Modal  synthesis  methods  have  been  developed  for  use  by  engineers  for  cost-effective 
solutions  of  the  lower  eigenvectors  and  eigenvalues  of  large  complex  dynamic  problems. 

The  number  of  independent  coordinates  of  the  subsystems  is  reduced  by  the  selection  of 
appropriate  displacement  functions  that  represents  its  contribution  to  the  lower  dynamic 
characteristics  of  the  system.  Different  forms  of  displacement  functions  have  been  pro- 
posed by  various  investigators  as  being  the  “best”  or  the  “most  optimum”  based  upon 
comparative  solutions  of  relatively  simple  structures.  A limited  number  of  automated 
modal  synthesis  programs  have  been  developed  during  the  past  few  years;  however,  their 
success  for  use  by  the  engineers  appear  to  be  limited.  A need  for  a general  pur}>ose 
modal  synthesis  program  using  the  results  of  a program  such  as  NASTRAN  is  being  recog- 
nized. A question  of  the  selection  of  the  “best”  displacement  functions  for  incorjjoration 
into  a general  puniose  program  will  again  be  reviewed. 

The  selection  of  the  displacement  functions  cannot  be  selected  wholly  upon  theoret- 
ical considerations  but  must  include  its  interaction  with  the  Project  and  its  requirements. 

The  considerations  include  analysis,  hardware  interfaces,  organizational  inU'rfaces,  sched- 
ules, tests,  and  resources.  Our  experiences  indicate  the  selection  of  the  “be.st”  displace- 
ment functions  iue  ba.sed  equally  upon  Project  requirements  and  theoretical  considerations. 

The  objective  of  the  paper  is  to  dt'scribe  our  experiences  in  the  use  of  mod:il  synthe-  < 

sis  for  the  Viking  Orbiter  (VO).  The  analysis  and  test  plans  were  initially  coordinated 

with  various  VO  r«piirements.  Good  technical  results  were  obtained  through  the  use  of  ‘ 

an  integrated  analysis/test  modsil  synthesis  effort  on  both  subsystems  and  systems.  The 
VO  required  the  utilization  of  many  engineers  with  viu-ious  experience  levels  that  were 
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new  to  JPL  and  unfamiliiir  with  the  JPL  computer  protjrams.  The  overall  intejtration  of 
nuxlal  synthesis  with  various  VO  requirements  are  summarized. 

Our  experience  shows  the  advantages  of  modal  synthesis.  The  selet’tion  and  integration 
of  subsystem  displacement  functions  into  a system  requiri's  a talented  engim>er  with  a 
thorough  knowledge  of  botli  the  analytical  and  physiciil  iisptvts  of  the  dynamics  of  the 
structure.  A general  purtiose  computer  program  shovild  allow  the  flexibility  for  the  selection 
of  displacement  functions  and  to  provide  information  whenever  inappropriate  selections  are 
made.  The  contents  will  be  of  viilue  to  engineers  contemplating  the  use  of  modd  synthesis 
concepts  for  future  projects  and  the  future  developers  of  a general  purjiosi'  modal  synthesis 
program. 


VIBRATION  ANALYSIS  OF  THK  BSE  SPACECRAFT  USING 
MODAL  SYNTHESIS  AND  THE  DYNAMIC  TRANSFORMATION 

E.  J.  Kuhar,  Jr. 

(h'neriU  Electric  Comp;iny,  Valley  Forge,  Pennsylvania 

For  the  Japanese  Broadcast  Satellite  (BSE)  Program  at  the  General  Electric  Space 
Division,  a vibration  an;ilysis  of  the  BSE  Spacecraft  was  performed  in  order  to  det(>rmine 
flight  loads.  The  basic  .segments  of  the  .satellite  included  the  spacecraft  center-body  contain- 
ing communications  and  housekeeping  electronics,  a fold-up  .solar  array  a.ssembly,  a K-Band 
antenna  dish  and  feed,  a secondary  [)ro[)ulsion  system,  and  a launch  vehicle/spacecraft 
adaj>ter.  This  three-axis-controlled  spacecraft  was  designed  for  a stationary  equatorial  orbit 
for  television  rebioadcast  after  launch  on  a Phor  Delta  booster. 

The  analytical  aj)proach  to  the  spacecraft  vibration  analysis  employed  a stiffness 
cou|>ling  modiil  .synthesis  technique  which  has  been  used  extensively  at  the  General  Electric 
Space  Division.  The  method  uses  free-free  substructure  vibration  modes  imd  fre(ptenci('s. 

The  substructures  are  coupled  together  by  a stiffness  matrix  relating  the  substructures'  free 
attachment  coordinates.  Since  the  substructures  hav»>  no  common  points  (degrees  of  free- 
dom), design  changes  were  implemented  eiisily  at  the  side  ructure  level  without  affecting 
other  substnicture  solutions.  A unique  computer  program  ciilled  SC.AMP  (Stiffness  Uoiqiling 
.\|)proach  Modal  Synthesis  Program),  was  used  to  obtain  a system  solution  from  the  sub- 
structure modal  solutions.  Due  to  the  complexity  of  the  BSE  spacecraft,  a total  of  129 
modes  were  available  for  modal  synthesis.  Using  the  Dynamic  Transformation  1 1 1.121, 
SC.AMP  obtained  the  first  100  modes  for  the  system  solution. 

The  analytical  model  for  the  BSE  spacecraft  was  assembled  from  six  basic  substruc- 
tures: a center-body,  an  antenna,  two  solar  arrays,  and  two  )iro)ndsion  tanks.  'Die  2100 
degree  of  freedom  center  body  substructure  was  modeled  using  a General  Electric  finite 
element  program.  The  finite  element  model  of  the  launch  vihicle /spacecraft  ada(der  was 
used  to  cantilever  the  free-free  centerbody  model  at  the  ba.se  of  the  adaj'ter.  .A  Ml  di'grec' 
of  freedom  eigenvalue  [iroblem  was  then  solved  for  modes  and  frequencies  to  be  in|>ut  into 
SC.AMP.  I he  1 140  degree  of  freedom  antenna  model  consisted  of  an  antenna  dish  and 
feed/sup|iort  structure.  The  78  frei'-free  modes  and  frequencii's  wt>re  coupled  to  the  centi'r- 
body  model  using  the  dish  support  truss  stiffness  matrix  as  a coiqiling  “spring."  The  stowed 
configuration  of  the  solar  arrays  each  contained  900  degrei's  of  frei'dom.  Included  in  the  !>9 
degrees  of  freedom  t'igi'nvalue  solution  for  each  solar  array  wen*  s«'ven  rigid  body  moiles,  six 
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for  the  structure  and  one  rotational  yoke  mode  at  the  shaft/centerbody  attachment  coor- 
dinate. Kach  solar  array  was  attached  to  the  centerbody  using  the  shaft  stiffness  intf'rface 
and  at  four  other  locations  with  vibration  isolators.  The  two  propulsion  tanks  (6  DOF/ 
tank)  were  treatt'd  as  rigid  lumps.  A truss  tube  support  structure  was  used  to  couple  the 
tank  C.G.’s  to  the  centerbody.  Of  the  429  available  modes,  300  substructure  modes  were 
treated  by  SCAMP,  and  a system  solution  of  100  modes  and  frequencies  was  obtained  for 
the  BSK  Spacecraft.  Using  a 100  Hz  cut-off  requirement  for  the  highest  spacecraft  fre- 
quency resulttMl  in  a 429  degree  of  freedom,  60  mode  spacecraft  dynamic  model. 

The  use  of  SCAMP  with  the  Dynamic  Transformation  has  resulted  in  an  analytical 
model  accurately  representing  the  dynamic  characteristics  of  the  BSE  Spacecraft  even  in 
the  higher  modes.  Modal  testing  of  the  BSE  Spacecraft  dynamic  model  has  confirmed 
the  analytical  model  computations.  These  analyses  demonstrated  how  a hirge  complex 
structure  such  as  the  BSE  Spacecraft  can  be  handled  conveniently  and  efficiently  with 
great  savings  in  computer  costs  without  modal  truncation.  Accurate  solutions  were  ob- 
tained from  small  eigenvalue  problem  solutions  due  to  the  unique  accuracy  of  the 
Dynamic  Transformation.  The  stiffness  coupling  modal  approach  used  by  SCAMP  also 
fiermits  test  modes  and  frequencies  to  be  used  as  substructure  models. 
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VIBRATION  ANALYSIS  OF  STRUCTURES 
USING  FIXED-INTERFACE  COMPONENT  MODES 

C.  Szu 

TRW  Systems,  Redondo  Beach,  CA 

This  paper  describes  a modal  coupling  program  (COUPL)  which  computes  vibration 
modes  of  a structural  system  by  using  fixed-interface  component  modes.  It  is  based  on  a 
model  synthesis  method  developed  by  Hurty  and  extended  by  Craig  and  Bamption.  Using 
this  method,  a structural  system  is  considered  as  an  assembly  of  components.  Fixed- 
interface  vibration  modes  for  each  component  are  separately  determined  and  then  u.sed  to 
synthesize  the  system  modes.  This  program  can  solve  problems  where  the  interface  itfe 
either  statically  determinate  or  redundant.  It  is  not  necessary  to  identify  statically  deter- 
minate and  redundant  interface  coordinates.  The  structural  system  may  have  any  type 
of  boundary  conditions  including  the  free-free  type.  Then-  is  no  need  tt)  select  any 
specific  component  as  the  main  one  since  all  components,  large  or  small,  are  treated  alike. 
There  is  no  constraint  on  the  interconnecting  topology  of  the  system  of  components. 
Individual  components  can  be  modified  without  affecting  the  modes  of  adjacent  compo- 
nents. so  long  as  the  interface  r<4ationships  are  not  changed. 
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Analyses  of  a complex  structure  as  a whole  may  require  computer  facilities  of  greater 
capability  than  may  be  available.  With  the  modal  coupling  program,  the  computer  ca- 
pacity problem  is  diminished  since,  in  general,  only  the  lower  frequency  modes  of  each 
component  are  usually  needed.  Each  component  may  be  modeled  in  great  detail  with- 
out compromising  accuracy.  Another  advantage  is  that  one  component  may  be  changed 
without  remodeling  the  others.  This  is  particularly  useful  when  components  are  designed 
and  analyzed  by  different  organizations. 

The  computer  program  is  divided  into  one  main  overlay  and  four  primary  overlays. 

It  consists  of  43  subroutines  having  the  capability  to  adjust  and  determine  its  field  length 
during  execution.  There  is  no  limitation  on  the  number  of  components;  however,  the 
total  number  of  system  modes  is  limited  to  approximately  420.  Interface  coordinates 
must  be  retained  as  additional  degrees  of  freedom.  For  structures  having  a large  number 
of  interface  connections,  the  number  of  component  modes  used  may  be  limited. 

One  feature  of  the  program  is  that  it  requires  fixed-interface  vibration  modes  as  well 
as  constraint  modes  for  each  component.  However,  constraint  modes  are  computed 
directly  from  the  stiffness  matrix  of  the  component.  A component  is  considered  to  be 
composed  of  interface  and  non-interface  degrees  of  freedom.  Interface  degrees  of  freedom 
are  those  which  are  common  to  two  or  more  components.  Constraint  modes  are  de- 
fined as  the  deflected  shapes  of  the  non-interface  degrees  of  freedom  due  to  successive 
unit  displacement  of  an  interface  degree  of  freedom,  all  other  interface  degrees  of  freedom 
being  totally  constrained. 

Lagrange  equations  are  used  to  generate  the  equations  of  motion  which  are  expressed 
in  matrix  form.  For  convenience,  the  method  is  supported  by  five  appendices.  This 
paper  also  includes  a sample  computer  run  together  with  an  error  study. 


SYMMETRIC  COMPONEIMTS  IN  SYSTEM  ANALYSIS 
Wayne  A.  McClelland 

Structural  Dynamics  Research  Corporation,  Cincinnati,  Ohio 


In  general,  the  dynamic  analysis  of  complex  mechanical  equipment  has  been  an 
extremely  difficult  task.  However,  the  emergence  of  sophisticated  finite  element  tech- 
niques and  computer  interfaced  testing  equipment  has  created  a new  dimension  in  engi- 
neering analysis.  One  procedure  makes  use  of  these  combined  analytical  and  experimental 
techniques  to  perform  a building  block  analysis  of  the  total  system.  The  technique  uses 
a modified  modal  synthesis  technique  to  mathematically  combine  the  component  or 
building  block  data  to  predict  the  dynamic  behavior  of  the  full  system  under  the  pre- 
scribed loading  conditions.  This  paper  presents  a further  extension  of  this  building  block 
approach  to  take  advantage  of  component  symmetry  (cyclic,  reflective,  or  axisymmetry) 
in  the  dynamic  simulation  of  nonsymmetric  systems. 

THE  BUILDING  BLOCK  APPROACH 

The  dynamic  analysis  of  structures  by  a building  block  approach  provides  the  dy- 
namicist  with  a valuable  analytical  tool  for  obtaining  the  dynamic  respon.se  of  extremely 
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large  complex  structures.  The  basic  approach  is  to  divide  the  into  a number  of  smaller 
inter-connected  components,  each  of  which  can  be  analyzed  using  available  digital  com- 
puter routines  or  experimental  tests.  The  total  system  rt'sponse  is  then  obtained  by 
appropriately  coupling  the  dynamic  characteristics  for  each  of  the  components.  This 
technique  is  attractive  since  it  parallels  the  design  process  where  major  structural  compo- 
nents, or  substructures,  are  often  designed  by  different  engineering  groups  or  at  different 
times.  It  is  desirable,  therefore,  to  use  a substructure  approach  so  that  such  designs  and 
modifications  may  proceed  as  independently  as  possible  with  due  consideration  being 
given  to  the  final  coupling  of  substructures  to  form  the  complete  structure.  Groups 
which  design  the  extremely  complex  components  can  rely  on  experimental  test  results, 
while  groups  designing  structurally  simpler  components  can  use  analytical  finite  element 
investigations.  The  results  of  the  dynamic  analysis  on  each  component  can  then  be 
ev8iluated  by  the  depeurtment  with  system  responsibility  to  evaluate  total  system  dynamic 
performance  before  the  system  is  completely  assembled. 


MODAL  PROPERTIES  FOR  SYMMETRIC  COMPONENTS 

For  quite  some  time  analysts  have  been  predicting  the  vibration  modes  of  symmetric 
structures  by  modeling  one  region  of  the  structure  and  specifying  boundary  conditions  to  1 

simulate  the  presence  of  adjacent  regions.  For  reflective  symmetry  this  is  done  by  apply- 
ing symmetric  or  antisymmetric  conditions  (fixed  and  free  coordinates)  along  the  plane  of 
symmetry.  For  cyclic  or  axi-symmetry,  the  vibration  modes  become  a function  of  the 
harmonic  coefficient  (harmonic  order,  nodal  diameter,  Fourier  coefficient)  and  the 
boundary  conditions  are  related  through  complex  valued  trig  functions.  In  the  reflective 
case  one  set  of  modes  is  obtained  for  each  combination  of  symmetric  and  antisymmetric 
boundaries  while  for  rotationtd  symmetry,  each  harmonic  order  is  associated  with  a 
separate  set  of  modes. 

The  key  to  the  recommended  “symmetric  component”  procedure  comes  from  realiz- 
ing that  given  the  eigenvectors  for  the  modeled  region,  the  eigenvectors  for  the  entire 
component  can  be  generated  from  knowledge  of  the  boundary  conditions  associated  with 
each  mode.  Thus  for  a symmetric  component  we  can  derive  modal  properties  (natural 
frequency,  stiffness,  mass,  and  mode  shape  per  vibration  mode)  for  the  entire  component 
by  calculating  modes  of  the  modeled  region  and  then  expanding  these  modes  to  remain- 
ing regions  of  the  component  (e.g.  full  360°  for  axisymmetric  components). 

Once  this  complete  component  modal  description  is  obtained,  the  symmetric  compo- 
nent can  be  coupled  with  other  components,  each  of  which  may  be  symmetric  or  non- 
symmetric,  via  the  building  block  approach  to  predict  the  dynamic  performance  of  the 
total  system. 


EXAMPLE  PROBLEM:  WHEEL/BEARINGS/BASE  SYSTEM 

Machine  tool  applications  require  vibration-free  performance  to  prevent  chatter  and 
insure  quality  of  the  machined  part.  In  this  application  a large  horizontal  grinding  ma- 
chine (10  feet  in  diameter)  was  to  be  designed  with  minimum  vibration  through  the 
tenth  harmonic  of  rotational  speed.  Complex  interaction  between  the  various  components 
(wheel,  bearings,  drive  system,  and  base)  required  a detailed  system  approach.  .\t  first 
glance,  the  complete  system  was  seen  to  be  non-symmetric,  e.g.  the  base  contained 
vertical  ribs  and  connected  to  ground  at  ten  angularly  spaced  locations  while  the  lirive 
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system  tied  to  the  base  at  only  three  angularly  spaced  positions.  However,  certain  compo- 
nents did  exhibit  symmetry;  namely  wheel  axisymmetry  and  base  cyclic-symmetry. 

The  concept  of  “symmetric  componeius  in  system  analysis”  allowed  the  wheel  to  be 
modeled  with  very  efficient  axisymmetric  solids  of  revolution  and  the  36°  base  sector  to 
be  separately  modeled  with  three  dimensional  plates  and  solids.  After  the  wheel  and 
base  modes  were  expanded  and  combined  with  the  drive  system  and  bearings,  the  result- 
ing system  model  was  processed  to  determine  the  low'est  150  .system  modes  and  damped 
response  to  harmonic  grinding  loads. 

The  computational  and  modeling  efforts  for  this  building  block  model  were  com- 
pared to  estimated  co.sts  for  a “one-shot”  three  dimensional  plate  and  solid  model  of  the 
entire  system:  even  if  comparable  accuracy  could  be  obtained,  the  full  31)  model  would 
have  required  five  times  the  man-hours  and  ten  times  the  computer  costs. 


CONCLUSION 

Often  non-symmetric  structures  contain  symmetric  subsystems  or  components.  In 
these  cases,  a building  block  approach  employing  modal  expansions  for  symmetric  compo- 
nents can  greatly  simplify  and  reduce  costs  in  the  dynamic  simulation  of  the  complete 
system. 


APPLICATION  OF  .MODAL  ANALYSIS  SURVEYS  IN  THE  TEST  LABORATORY 

Henry  Caruso 

Westinghouse  Electric  Corporation,  Baltimore,  .VID 


The  recent  introduction  of  commercially-available,  high-speed  digital  signal  process- 
ing equipment  has  made  it  practical  for  any  test  laboratory  to  acquire  the  capability  to 
perform  extensive  modal  analysis  surveys.  Whei'eas  modal  analysis  formerly  required 
sophisticated  mathematical  skills  and  extensive  processing  time  on  limited-access  I'om- 
!■  puters,  test  engineers  and  technicians  with  minimal  mathematics  background  can  now 

perform  modal  surveys  of  a complexity  unattainable  a few  years  before.  However,  grt'al 
care  must  be  taken  to  ensure  that  the  data  used  is  of  high  quality  and  that  subsequent 
I analyses  do  not  misrepresent  this  data. 

[ AREAS  OF  CONCERN 

[ .Areas  of  concern  for  modal  surveys  generally  include  main  structural  elements,  inter- 

: faces  between  structural  elements,  components  critical  to  pt'rformance,  isolati'd  structures, 

! and  structures  with  critical  phase  n'lationships.  Sufficient  accelerometers  must  be  installed 

to  ade(]Uately  define  the  structures  of  interest  and  intc'rface  behavior.  Instrumentation 
placement  must  be  carefully  selected  so  as  to  avoid  influencing  mode  shapes  with  accel- 
(■rometer  ma.ss  h)ading  effects. 
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TEST  SETUP 


The  maimer  in  whk  h the  aeeelerometer  data  is  aequired  will  affeet  the  validity  of 
subsequent  analyses.  If  data  is  to  be  recorded  on  magnetic  tape,  the  recording  equip- 
ment must  have  recording  head  alignment  sufficiently  precise  to  avoid  distorting  pha.se 
information  at  high  frequencies.  A good  general  practice  is  to  record  response  and  ref- 
i erence  (input)  data  on  the  same  recording  head. 

The  reference  and  vibration  control  accelerometers  are  not  necessarily  the  same  nor 
do  they  have  to  be  at  the  same  location  in  the  test  setup.  When  the  reference  signal  is 
lia.sed  on  averaged  accelerometer  responses,  a separate  accelerometer  on  the  driving  struc- 
ture should  be  used  as  the  input  reference.  Signals  from  the  averaged  control  acceler- 
ometers will  be  generally  unacceptable  for  this  purpose.  Likewise,  a signal  that  is  the 
average  of  more  than  one  accelerometer  signal  cannot  be  used  as  the  input  reference, 
since  phase  information  will  be  distorted  by  the  averaging  process. 

\ The  test  item  or  fixture  should  be  mounted  by  means  of  its  normal  mounting  pro- 

visions. Any  other  significant  restraint  or  damoing  that  would  normally  be  in  effect 
should  also  be  provided.  Although  it  is  generally  best  to  excite  a structure  in  a manner 
similar  to  that  in  which  it  would  be  loaded  in  service,  the  input  vibration  can  be  admin- 
istered at  any  representative  point  on  the  item’s  primary  structure  and  still  produce  valid 
modal  data.  Since  vibration  levels  for  modal  analysis  surveys  can  be  lower  than  full  test 
levels,  the  fixtures  used  to  transmit  energy  from  the  exciter  to  the  test  item  can  be 
relatively  light  and  unsophisticated.  Similarly,  exciters  can  be  used  with  lower  force- 
pound  ratings  than  would  be  required  for  an  all-up  vibration  test. 

TEST  DESCRIPTION 

i While  the  test  item  is  being  vibrated,  it  is  important  to  ensure  that  no  observers 

touch  the  test  item  while  data  is  being  recorded.  Such  external  damping,  even  though 
seemingly  insignificant,  can  drastically  alter  mode  shapes  and  lead  to  erroneous  conclu- 
sions. Before  data  is  recorded,  the  test  item  should  be  vibrated  briefly  at  low  levels  to 
determine  whether  any  loose  parts  or  hardware  are  audibly  apparent.  These  londitions 
should  be  corrected  to  maintain  high  accelerometer  signal-to-noise  ratios.  Testing  .should 
not  be  conducted  while  other  significant  noise  sources  ;ire  present.  Structural  or  acoustic 
coupling  with  such  external  sources  will  result  in  contaminated  modal  data.  Coherence 
checks  while  the  test  is  being  conducted  can  be  used  to  verify  the  quality  of  data  being 
generated. 


MODAL  DISPLAYS 

.\nimated  modal  displays  are  valuable  analysis  tools  but  must  b<>  I'arefully  thought 
out  and  constructed.  .\  (loorly  constructed  display  will  be  confusing  at  best  and  can  lead 
to  inaccurate  conclusions.  Display  generation  reriuires  that  a real,  often  complex,  phys- 
ical structure  be  reduced  to  a simple,  readily  interpretted  outline  drawing.  Since,  for  all 
practical  purposes,  the  only  structural  elements  that  can  b(>  represented  an‘  those  that 
were  instrumented  with  ai'ceh'rometers,  it  is  important  to  think  ahead  to  the  final  dis- 
play before  the  ti'st  is  run.  Acci’lerometers  should  be  spaced  closely  enough  to  detail  a 
structures  behavior,  since  the  display  will  be  constructed  from  straight  line  segments 
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between  data  points.  Display  proportions  can  be  exaggerated  to  better  highlight  struc- 
tural details  and  make  the  display  easier  to  interpret. 


DISPLAY  UTILITY 

The  most  frequently  used  applications  of  modal  analysis  in  the  test  laboratory  are 
design  analysis  and  fixture  surveys;  failure  analysis;  test  setup  analysis;  and  the  analysis  of 
field-recorded  data. 


DISPLAY  LIMITATIONS 

There  is  information  that  the  display  will  not  provide  any  conclusions  that  the  dis- 
play alone  will  not  support.  These  limitations  must  be  recognized  by  all  concerned  before 
the  meaning  of  any  display  can  be  completely  assessed.  It  is  especially  important  to 
explain  these  limitations  to  those  unfamiliar  with  modal  analysis  who  nevertheless  may  be 
responsible  for  making  decisions  based  on  the  analysis  results. 

Displays  depict  relative  magnitudes  of  acceleration  and  therefore  accurate  numericsd 
values  for  modal  properties  cannot  be  determined  from  the  display.  Significant  modes 
may  be  missing  from  the  mcxle  list  and  not  displayed,  depending  on  the  skill  and  ex- 
perience of  the  engineer  who  performed  the  data  analysis.  The  display  does  not  show  an 
extended  time  history  of  dynamics,  but  rather  imposes  a periodicity  of  motion  for  ease 
of  visualization.  Finally,  the  spatial  relationships  between  moving  structural  elements  are 
exaggeratiKl  for  visualization  purposes  and  may  present  a misleading  picture  of  actual 
conditions  to  the  uninitiated. 


.MATRIX  FORMULATION  OF  MULTIPLE  AND  PARTIAL  COHERENCE 

Ron  Potter 

Hewlett-Packard  Company,  Santa  Clara,  CA 


There  are  many  situations  in  the  field  of  acoustics  and  mechanical  vibrations  where 
the  system  under  st'  dy  is  best  represented  as  a linear  system  having  multiple  inputs  and 
multiple  outputs,  a 4 with  numerous  sources  of  essentially  unrelated  noise  contami- 
nation. A typical  t..,,mple  is  the  determination  of  the  various  sources  of  noise  generated 
by  a truck  engine  at  some  set  of  distant  points,  in  the  presence  of  contamination  from 
tire  and  road  noises. 

The  complex  representation  of  multi-I/O  (input, output ) systems  of  this  type  requires 
a matrix  formulation.  Most  people  are  familiar  with  the  concept  of  a transfer  matrix  in 
the  frequency  domain,  which  desi'ribi's  the  output  at  a particular  point  that  comes  (via 
some  path)  from  a particular  input.  Many  people  are  familiar  with  the  ordinary  coherence 
concept  in  single  1 O systems,  which  is  a way  of  characterizing  the  amount  of  out|Hit 
power  or  energy  that  comes  from  the  in|nit.  as  o|iposed  to  that  which  comes  from  some 
unrelated  source. 


122 


However,  when  we  study  multi-I/O  systems,  we  quickly  realize  that  there  may  be 
many  interrelations  between  the  various  inputs,  as  well  as  between  the  outputs  and  the 
contaminating  noise.  In  particular,  we  may  want  the  output  power  that  originates  from  a 
certain  group  of  inputs,  with  the  effects  of  some  other  group  of  inputs  removed.  We  may 
also  want  to  isolate  the  contribution  of  all  unrelated  noise  at  the  output. 

Information  of  this  sort  is  best  described  by  multiple  and/or  partial  coherence 
matrices.  If  there  are  n inputs  and  m outputs,  then  we  can  define  2”  1 coherence 
matrices,  each  of  which  comprises  m2  real  numbers  (m‘m  hermitian  matrices).  All  of 
: these  numbers  have  some  meaning,  depending  on  the  question  at  hand. 

The  conventional  theory  of  multiple  and  partial  coherence  is  essentially  a scalar 
I theory,  involving  only  one  output,  and  allowing  the  removal  of  only  one  interfering  input 

I signal.  In  this  paper,  we  derive  the  general  theory  of  linear  multiple  input-output  systems, 

I in  which  we  define  the  many  possible  coherence  matrices.  We  discuss  the  meaning  and 

interpretation  of  these  matrices  and  their  elements,  and  we  discuss  a method  of  measur- 
ing these  quantities  in  a real  world  environment. 
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TRANSIENT  WAVEFORM  VIBRO ACOUSTIC  DATA  ANALYSIS 
FOR  TURBINE  VANE  AND  RAM  PUMP  LAUNCH  SYSTEMS 

Ralph  C.  Leibowitz  anU  J.  Lawrence  Clatterbuck 
Naved  Ship  Research  and  Development  Center 
Bethesda,  Maryland 


This  paper  quantitatively  evaluates  and  compares  the  measured  torpedo  launch  wa- 
terborne noise  sound  pressure  levels  (SPL)  produced  by  the  vibroacoustic  mechanisms  of 
turbine  vane  and  ram  pump  launch  systems.  The  basic  noise  data  for  the  systems  were 
obtained  at  the  Naval  Underwater  Systems  Center’s  (NUSC)  land-based  test  facility  and 
the  data  reduction,  analysis,  evaluation  and  comparison  discussed  in  more  detail  below, 
are  being  performed  at  the  Naval  Ship  Research  and  Development  Center  (NSRDC).  The 
results  of  the  comparison  are  considered  potentially  applicable  to  the  relative  quietness  of 
the  two  ejection  systems  in  an  actual  submarine. 

Because  the  launch  system  of  a submarine  is  a complex  structure  closely  coupled  to 
the  pressure  hull,  it  is  virtually  an  integral  part  of  the  hull.  It  incorporates  complex  pip- 
ing involving  various  high  pressure  air  subsystems,  depth  pressure  sea  water,  mechanical 
interlocks,  actuators,  a complex  of  valves,  connecting  tanks,  etc.  The  torpedo  is  ejected 
by  the  force  of  the  large  volume  of  water  that  is  caused  to  flow  through  a slide  valve 
into  the  torpedo  tube  during  the  process  of  weapon  launch.  Each  of  the  events,  i.e.,  func- 
tions or  mechanical  actions,  such  as  a firing  valve,  pump  stroke,  stop  bolt,  etc.  occurring 
during  the  launch  cycle  may  represent,  or  give  rise  to,  a significant  fundamental  mecha- 
nism or  source  contributing  to  the  level  and  character  of  the  noise  signal. 

The  distinctive  acoustic  transient  generated  by  the  torpedo  ejection  system  of  a sub- 
marine is  the  earliest  signal  emitted  by  the  weapon  system  that  is  potentially  detectable 
by  the  enemy’s  sonar.  The  detection  can  be  made  at  great  ranges  because  of  the  high 
source  level,  duration,  and  low  frequency  characteristics  of  the  noise  signal  which  con- 
sists of  both  broadband  and  essentially  discrete  line  spectra.  These  characteristics  of  the 
signal  are  the  major  contributors  to  the  total  energy  in  the  signal  upon  which  detection 
depends.  Additionally,  the  distant  sonar  can  also  detect  the  partial  energies  associated 
with  specific  events  of  the  transient  launch  process.  Clearly  weapon  system  effectivene.ss 
and  submarine  survivability  requires  minimization  of  the  probability  of  detection  and  sub- 
sequent location  and  classification  by  an  enemy  submarine.  Hence,  it  is  imperative  to  de- 
velop and  utilize  a relatively  quiet  launch  system  that  will  not  alert  the  target. 

The  Mk  17  Mod  1 Turbine  Pump  Ejection  System  (TPKS)  has  bt'en  designated  for 
installation  on  a submarine  by  NUSC  (NP).  A multipha.sed,  land-based  eviJuation  program 
for  the  TPES  is  being  conducted  in  the  NUSC  facility.  The  first  four  phases  of  the  eval- 
uation provide  vibration  and  acoustic  data,  measured  at  the  facility  :urd  stored  on  mag- 
netic tape  for  both  the  turbine  pump  and  ram  pump  torpedo  ejection  systems.  Tlie  primary 
objective  of  this  paper  is  to  compare  the  relative  acoustic  performance  of  these  systems 
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bas6d  upon  an  evaluation  at  NSRDC  of  the  processed  transient  acoustic  data.  The  data 
reduction  presently  under  consideration  treats: 

(1)  One-third  octave  band  analysis  of  the  transient  waveform  including: 

(a)  Peaks  of  short  duration  potentially  identifiable  with  events  in  the  firing 
circle 

(b)  Equal  half  periods  of  the  transient 

(c)  The  entire  period  of  the  transient 

(d)  Bandwidth  limited  time  history  of  the  transient 

(e)  Repeatability  (or  reproducibility)  of  firing  cycle  data. 

(2)  Narrow  band  analyses  of  transient  waveforms  to  determine  existence  of  line 
spectra  for  fundamental  and  harmonic  frequencies  associated  with  turbine,  gears,  etc. 

(3)  Spectral  analysis  in  time  sequence  showing  change  in  character  of  the  signal, 
i.e.,  three  dimensional  amplitude,  frequency,  time,  waveform. 

(4)  Voiceprint  (waveform  characteristics)  spectrum  amplitude  recorded  as  shades 
from  light  to  dark  rather  than  in  terms  of  absolute  magnitude. 

(5)  Cumulative  broadband  response  as  a function  of  time. 

i|  (6)  Cross  correlation  and/or  cross  spectral  density  of  transient  waveforms  to  ab- 

stract discrete  signals  from  a broadband  noise  background  and  determine  the  coherence 
of  vibration  and  acoustic  noise  signals. 

(7)  Ensemble  averaging  to  abstract  discrete  signals  from  a broadband  vibration  and 
noise  background. 

A secondary  objective  is  to  determine  source-transmission  paths  in  the  launch  sys- 
I terns  and  the  relative  contributions  of  the  vibroacoustic  sources  to  the  transient  acoustic 

signals  being  compared. 


PROTECTION  OF  SUBMARINE  DECK  MOUNTED  ELECTRONIC 
EQUIPMENT  FROM  SHIPBOARD  SHOCK 

Norman  M.  Nilsen  and  Richard  Bolton 
Strategic  Systems  Project  Office,  Washington  D.C.,  and 
Westinghouse  Electric  Corporation,  Sunnyvale,  California 


Methods  of  determining  electronic  equipment  foundation,  structunil  iUid/or  isolation 
system  designs  for  protection  against  extreme  shock  loading  when  mounted  on  a sulnna- 
rine  deck  are  di.scu.s.sed  in  detail.  Emphasis  is  place  on  a Westinghouse  developed  dynamic 
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structural  analysis  based  on  finite  element  theory  which  was  employed  to  assist  in  the  de- 
sign of  the  TRIDENT  submarine’s  SWS  electronic  equipment  foundations. 


Recent  naval  architectural  practice  in  naval  submarine  design  has  been  to  flexibly 
mount  inner  secondary  decks  to  the  primary  hull  to  reduce  hull  sound  transmissibility 
and  to  allow  for  pressure  hull  flexibility  during  deep  submergence.  Little  attention,  how- 
ever, has  been  given  to  the  shock  isolation  problems  associated  with  electronics  equip- 
ment mounting  on  these  low  frequency  flexible  platforms.  The  electronic  components, 
especially  their  attachments,  are  fragile,  and  subject  to  failure  when  exposed  to  either 
high  accelerations  or  high  stress  wave  loading.  The  cabinets  which  house  the  electronics 
are  especially  susceptible  to  damage  under  high  displacements.  Potential  problems  span 
the  broad  design  frequency  range  from  the  very  low  frequencies  which  produce  high  dis- 
placements, to  the  very  high  frequencies  associated  with  stress  wave  propagations.  Deck 
flexibility  may  either  reinforce  or  attenuate  the  input  shock  motions;  therefore  the  ship 
design  (which  is  seldom  known  prior  to  the  equipment  design)  can  significantly  affect 
equipment.  Uncertainties  are  present  both  in  the  calculation  of  the  design  shock  inputs 
to  the  ship  and  its  transmissions  to  the  equipment  and  also  in  the  equipment  response 
and  failure  limits. 

The  ramification  of  these  problems  on  the  design  of  deck  mounted  electronic  equip- 
ment and  their  analysis  and  proposed  verification  tests  for  TRIDENT  are  discussed  in 
this  paper. 


A FINITE  ELEMENT  ANALYSIS  OF  LOW  FREQUENCY  TRANSDUCERS 

C.  S.  Nichols,  Naval  Undersea  Center 
San  Diego,  California 


This  paper  presents  the  results  of  a finite  element  analysis  of  the  combined  problem 
of  structural  vibration  and  acoustic  radiation  for  several  different  types  of  low  frequency 
transducers.  The  mathematical  formulation  used  to  describe  the  vibratory  motion  of  an 
elastic  body  that  is  immersed  in  an  infinite  acoustic  medium  is  discussed.  This  formula- 
tion employs  the  finite  element  method  to  describe  the  vibratory  motion  of  the  trans- 
ducer. In  this  formulation,  the  effect  of  the  acoustic  radiation  loading  on  the  vibrational 
motion  of  the  transducer  is  included  by  the  use  of  fluid  finit**  elements.  The  transducer 
and  a sphere  of  acoustic  fluid  that  surrounds  the  transducer  are  modeled  with  the  finiU' 
element  method.  The  pressure  and  normal  component  of  velocity  on  the  .sphere  jure  ex- 
panded in  terms  of  spherical  harmonic  basis  functions.  Because  these  basis  functions  an* 
orthogonal  with  respect  to  the  Helmholtz  integral  equation,  the  acoustic  impedance  can 
be  computed  from  analytical  expressions.  At  present  the  use  of  this  formulation  has  Ix'en 
limited  to  axisymmetric  structures. 

The  formulation  described  in  the  previous  paragraph  has  bt>en  us«*d  to  examine  the 
characteristics  of  several  low  frequency  transducers.  In  this  paper,  a transiUii  er  is  denoted 
as  low  frequency  if  its  primary  band  of  operation  is  tielow  500  Hertz. 

The  first  low  frequency  transducer  that  will  be  discusst*d  is  the  foUhtl  horn  trans- 
ducer. This  transducer  is  similar  in  design  to  a longitudinal  vibrator  in  that  its  piezo- 
electric driver  element  consists  of  a stack  of  longitudinally-poled  piezoelectric  ceramic 
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rings.  In  order  to  operate  efficiently  at  low  frequencies  a long  effective  length  is  achieved 
by  placing  a metal  cylinder  outside  of  and  concentric  to  the  driver  stack.  One  end  of  this 
cylinder  is  attached  to  the  driver  stack  and  the  other  end  U‘rminaU>s  in  a circular  piston. 
Instead  of  attaching  a heavy  tail  mass  to  the  other  end  of  the  driver  stack,  as  is  done  in 
th»>  longitudinal  vibrator,  a second  metal  tube  and  piston  are  attached.  The  transducer  is 
therefore  not  only  axisymmetric  but  has  midplane  reflective  symmetry.  I’he  two  radiating 
pistons  are  driven  with  a 180"^  phase  difference.  The  pistons  are  air  backed  and  are  joined 
at  their  perimeters  by  a rubber  seal.  The  mathematical  model  is  validated  by  comparing 
theoretical  and  ex^)erimental  plots  of  .source  level  versus  frequency  and  impt*dance  versus 
frequency.  Vtirious  perturbations  of  material  parameters  and  geometry  are  examined  to 
determine  the  effect  they  have  on  the  response  of  the  transducer  in  order  to  gain  under- 
standing of  how  the  device  operates. 

The  second  low  frequency  source  to  be  discussed  is  a membrane  enclosed  resonant 
gas  cavity  that  is  driven  by  eight  circular  pistons.  This  tran.sducer  was  developed  by 
Sandia  Laboratories.  It  is  shown  that  the  model  correctly  predicts  the  expt‘rimentally  ob- 
tained source  level  at  several  oix'rational  depths.  Perturbations  of  the  maU'rial  parameU*rs 
of  the  rubber  membrane  are  examined  to  determine  what  characteristics  of  the  mem- 
brane material  are  desirable. 

Other  low  frequency  transducers  that  are  discussed  are  a Helmholtz  resonator  driven 
by  a piezoelectric  disk  imd  a hydroacoustic  triuisducer. 


FRAGMENT  VELOCITIES  FROM  BURSTING  CYLINDRICAL 
AND  SPHERICAL  PRESSURE  VESSELS 

R.  L.  Bessey  and  J.  J.  Kulesz 
Southwest  Research  lnstituU> 

San  .\ntonio,  Texas 


An  analytical  method  is  used  to  descrilie  bursting  gas  reservoirs  and  to  prwlict  the 
maximum  fragment  velocity  attained  by  pieces  from  the  fragmenting  containment  vessels. 
This  description  applies  to  processes  occurring  at  a slower  ratt*  than  HE  bomb  casing  frag- 
mentation such  that  rupture  of  the  container  walls  occurs  before  they  have  reached  a sig- 
nificant portion  of  the  final  fragment  velocities.  The  method  assumes  that  the  fragments 
are  accelerated  while  gas  escapes  through  the  rupture  cracks  Ixdween  the  fragments.  As 
internal  pressure  is  reduced  by  the  escaping  gas,  nearly  constant  friigment  velocities  are 
finally  attained  (drag  forces  are  not  considered).  The  resultant  fragment  velocities  may  1h> 
ust'd  as  initial  velocities  in  trajectory  equations  for  friigment  hazard  amilysis. 

A description  of  this  method  for  a spherical  container  bursting  into  n fragments  of 
circular  cross-section  wits  prestmtixl  in  a previous  paper.'  Hie  present  paper  will  lonsider 
the  cases  of  a cylindrical  container  bursting  into  halves  luid  a cylindrical  container  burst- 
ing into  n axially  symmetric  fragments.  For  the  latU'r  ca.se,  assuming  an  ideal  gas,  an 
adiabatic  process,  appropriate  gas  flow  equations,  and  equations  of  motion  for  the  frag- 
ments, we  obtain  the  following  non-linear  simultaneou.s  differentiiil  equations  in  normal- 
ized coordinates. 
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Where  g is  the  normalized  fragment  displacement,  P*  is  the  normalized  pressure  of 
the  confined  gas  a and  ,i  are  coefficients  (depending  on  initial  conditions  and  geometry), 
and  K is  the  specific  heat  ratio.  These  equations  are  solved  numerically  and  the  results 
compared  to  the  spherical  containment  vesst'l  case  for  several  values  of  the  geometric 
parameters  and  initial  state  variables. 

Results  show  that  the  maximum  fragment  velocities  obtained  for  both  cylindrical 
and  spherical  containment  vessel  geometries  are  nearly  independent  of  Uie  number  of 
fragments  chosen,  n,  for  n > 10.  The  predicted  fragment  velocities  are  higher  for  the 
cylindrical  cast*  than  the  spherical  case  for  equivalent  volume  and  radii.  This  is  probably 
due  to  the  assumption  that  no  rupture  cracks  form  in  the  cylinder  ends;  thus  the  total 
crack  length  per  unit  surface  area  for  the  cylinder  is  less  than  for  the  sphere.  The  differ- 
ence between  fragment  velocities  predicted  for  the  spherical  and  cylindrical  cases 
diminishes  with  increase  in  radius  and  contained  gas  to  containment  ves.sel  mass  ratio. 
PTagment  velocities  for  the  cylinder  are  independent  of  cylinder  length  for  a constant  wall 
thickness. 

For  the  case  of  a cylindrical  vessel  bursting  into  halves,  the  applicable  equations  are 
those  of  D.  B.  Taylor  and  C.  F.  Price^  for  the  .spherical  vessel,  with  modifications  for  the 
different  geometry.  These  equations  are  solved  numerically.  Results  for  the  spherical  and 
cylindrical  cases  are  compared  for  several  values  of  the  geometric  parameb'rs  and  initial 
state  variables. 

The  results  of  these  analyses  are  compared  to  existing  data  on  maximum  fragment 
velocities  for  bursting  pressurizt*d  glass  vessels  of  Boyer,  et  al.^  The  prwlicted  values  for 
the  spherical  vessels  pressurized  with  air  are  within  6%  of  the  experimental  values.  The 
values  for  vessels  pressurized  with  Helium  are  within  17%  of  the  experimental  values.  A 
discussion  of  the  application  of  this  analysis  to  the  problem  of  fragment  hazard  from  ex- 
ploding liquid  propellant  tanks  will  be  given. 


*R.  Bessey,  Fra((ni«*nt  Volooities  from  F;xploilin|(  Liquid  Propellant  Tanks,  The  Shock  and  Vibration 
Bulletin  No.  -i-t,  Aug.  1974 

^D.  B.  Taylor  and  (5.  K.  Price,  “Velocities  of  Fragments  from  Bursting  (ias  Reservoirs, ” ASMK  Trans- 
actions. Journal  of  Kngineering  for  Industry,  November  1971. 

'^D.  W.  Boyer,  H.  L.  Brode,  I.  I.  (ilass,  and  J.  (!.  Hall,  "Blast  from  a Pre*ssuri/ed  Sphere,"  PTIA  Report 
No.  48,  January  1958 
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STRUCTURES  TO  SUPPRESS  THE  EFFECTS  OF  ACCIDENTAL  EXPLOSIONS 

Donald  F.  Haskell 

Aberdeen  Proving  Ground,  Maryland 


This  paper  presents  simplified  methods  of  design  for  structures  to  suppress  the  ef-  , 

fects  of  accidental  explosions  of  high  explosive  materials.  The  primary  objective  is  to  pro- 
vide design  techniques  whereby  propagation  of  explosions  or  mass  detonations  will  be  i 

prevented  and  protection  for  personnel  and  valuable  equipment  will  be  provided.  The  ba-  ] 

sis  for  structural  design  is  presented  along  with  the  effects  of  contained  and  partially  | 

contained  explosions.  Structural  response  to  fragment  impact  and  penetration  is  treated 
and  the  structural  response  analyses  for  basic  structural  components  subjected  to  blast 
loading  is  developed. 

The  structural  analysis  approach  taken  here  utilizes  a semi-inverse  energy  method  of 
solution.  In  its  development,  the  blast-deformation  damage  process  is  characterized  by  the 
law  of  conservation  of  energy-,  .-\pproximate  expressions  for  the  work  done  on  the  struc- 
ture by  the  blast  and  the  structure  strain  energy  are  derived.  -An  assumed  deformation 
pattern  is  used  to  obtain  the  final  form  of  the  strain  energy.  The  work  done  on  the 
structure  by  the  blast  is  found  by  considering  the  incident  energy-  flux  density-  of  the 
blast  wave.  Because  of  the  gross  deformation  incurred  by  blast,  elastic  behavior  of  the 
structure  mab-rial  is  neglected.  The  structure  is  assumed  to  bt'have  as  a rigid-plastic  mate- 
rial. This  allows  the  strain  energy  to  bt'  reduced  to  a simple  expression  which,  when 
combined  with  the  energy  from  the  blast  in  the  conservation  of  energy-  relation,  yields 
an  explicit  equation  for  deformation. 

Both  contained  and  partially-  contained  explosions  are  characterized  by  their  blast 
wave  and  quasi-static,  or  static,  pressure  effects.  Work  done  on  the  structure  is  equal  to 
the  sum  of  the  blast  wave  work  and  the  quasi-static  pressure  work. 

The  material  presented  provides  a unified  method  for  the  preliminary  design  of 
structures  to  suppress  the  effects  of  accidental  explosions. 


EXPERIMENTAL  DETERMINATION  OF  THE  EFFECTS  OF  VARIATIONS 
IN  THE  EXCITATION  PARAMETERS  OF  BLAST  WAVES  ON  TOE 
HIGH  FREQUENCY  RESPONSE  OF  CIRCULAR  RINGS 

Paul  John  Mirabella 

Martin  Marietta  Corporation,  Orlando,  Florida 

The  high  frequency  resptnise  of  a circular  ring  of  recUuiguhir  cross  section  interior  to 
a conical  shell  excited  by  a blast  wave  is  examined.  The  ring  supports  a rigidly  attached 
mass  during  the  excitation.  It  is  hypothesized  that  the  respon.se  is  a function  of  the  four 
excitation  parameters  which  characterize  the  loading.  These  are:  Peak  reflecU'd  pre.ssure; 
characteristic  time  (pulse  duration);  wave  engulfment  time;  and  circumferential  distribu- 
tion. These  parameters  are  varied  over  a range  of  interest  in  an  effort  to  ascertain  the 
structural  sensitivity  to  such  perturbations. 
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A series  of  tests  sponsored  by  the  Department  of  the  Army  and  the  Martin  Marietta 
Corporation  was  conducted  by  the  Stanford  Research  Institute  on  the  SPRINT  II  missile. 
Data  acquired  during  these  tests  will  be  used  to  verify  and  support  the  hypothesis. 

The  purpose  of  the  test  program  was  to  determine  the  ring  response  produced  by 
simulated  missile  entries  into  blast  waves.  The  various  blast  entry  conditions  (altitude, 
velocity,  angle  of  attack)  have  associated  values  of  peak  reflected  pressure,  duration,  en- 
gulfment  time  and  distribution.  The  objectives  of  this  study  are: 

(1)  To  vary  the  blast  entry  parameters  independently  over  a remge  of  interest 

(2)  To  measure  and  record  the  transient  response  of  the  ring 

(3)  To  present  the  data  in  a manner  facilitating  the  analysis  and  indicating  the  rela- 
tive magnitude  and  sense  (increasing-decreasing)  of  a variation 

(4)  To  assess  the  sensitivity  of  the  structural  response  to  variations  in  the  blast 
excitation  parameters. 

The  actual  encounter  conditions  are  classified  secret  and  will  not  be  presented  or 
referenced  in  any  part  of  this  document.  However,  the  associated  excitation  parameters 
are  unclassified  when  examined  independently. 

The  two  circumferential  distributions  examined  are  those  produced  by  side-on  and 
head-on  missile-blast  wave  encounters.  In  former  case  a planar  wave  traveling  prependicu- 
lar  to  the  flight  axis  is  swept  across  the  missile.  The  resulting  forcing  function  is  ex- 
amined only  on  the  windward  half  of  the  ring.  Past  experience  and  calibration  measure- 
ments have  shown  the  pressures  on  the  leeward  half  of  the  ring  to  be  negligible  by 
comparison.  The  function  is  described  by  an  exponentially  decaying,  step  pressure  pulse 
whose  load  distribution  as  a function  of  0 (independent  of  time)  is: 

P(0)  = (Pr^^^  -Pop)  COS20  + Pop  for  - < 0 < 1 

where  is  the  peak  reflected  pressure  measured  at  the  windward  ray,  0“,  and  Pqp 

is  the  over-pressure  measured  at  90°.  The  head-on  encounter  is  characterized  by  a uni- 
form load  distribution. 

The  duration  of  the  forcing  function  is  computed  by  dividing  the  Impulse,  1,  by- 
PR  . The  Impulse  is  obtained  by  integrating  the  pressure-time  history  over  a time  T\ 
to  ^'2  where  T\  corresponds  to  Pr^^^  and  T2  corresponds  to  (.1)  X Pr^^^- 

The  engulfment  time  is  a measure  of  the  velocity  with  which  the  blast  front  tra- 
verses the  missile  at  the  particular  ring  station  of  concern.  The  range  examined  viiried 
from  150  psec  to  450  psec. 

On  this  basis  the  experimental  program  was  divided  into  six  test  series,  each  exam- 
ining a specific  set  of  excitation  parameters  at  five  different  pressures.  Table  1 defines 
the  test  matrix. 
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TABLE  1 
TEST  MATRIX 


Series 

No. 

Pressure 
Range  (psi) 

Duration 

jusec 

Engulfment 
At  sec 

Circumferential 

Distribution 

1 

50-500 

100 

350 

cos  2 0 

2 

50-500 

300 

350 

cos2  0 

3 

50-350 

100 

Instantaneous 

Uniform 

4 

50-350 

300 

Instantaneous 

Uniform 

5 

50-350 

100 

150 

cos2  0 

6 

50-350 

300 

150 

cos  2 0 

The  high  frequency  response  of  the  circular  ring  considered  was  found  to  be  depen- 
dent on  the  blast  excitation  parameters  examined.  The  findings  of  this  paper  indii'ate: 


1.  The  mathematical  relationship  between  peak  reflected  pressure  and  transient 
acceleration  is  slightly  non-linear,  however,  it  may  be  approximated  by  a 
linear  curve  fit  within  an  acceptable  error  margin. 

2.  The  structural  sensitivity  of  the  ring  to  variations  in  pressure  and  duration  was 
expected  to  be  characterized  by  linear  relationship.  Such  behavior  was  verified 
experimentally. 

3.  Variations  in  engulfment  time  appeared  to  be  of  secondary  importance  in  com- 
parison to  the  response  deviations  produced  by  pressure  and  duration  pertur- 
bations. 

4.  Although  the  response  of  the  ring  was  shown  to  be  a function  of  circumferen- 
tial distribution,  the  state-of-the-art  for  explosive  testing  prohibited  a conclusive 
examination  of  this  parameter. 

5.  Gross  deviations  from  a cos2(?  distribution  to  a uniform  loading  produced  an 
increase  in  ring  acceleration  high  frequency  content.  This  was  attributed  to  the 
excitation  of  the  n = 0 or  extentional  breathing  mode. 


MATHEMATICAL  MODEL  OF  A SUBMARINE  TEST 
SECTION  SUBJECTED  TO  UNDERWATER  EXPLOSIONS 


Roliert  P.  Brooks  and  Brian  C.  McNaight 
The  M & T ('o.,  Philadelphia,  Pennsylvania 


INTRODUCTION 

The  realistic,  full-scale  shock  testing  of  t-quipment  is  an  indispensable  part  of  the 
Navy  “shock  hardening”  effort.  The  construction  and  continuous  use  of  test  vehicles  such 
as  the  floating  shock  platform  (FSP)  and  the  submarine  full-scale  sections  (FSS  series) 
have  provided  the  Navy  with  reliable,  combat-ready  equipment. 

The  authors  constructed  in  1972  a mathematical  model  of  the  standard  Navy  float- 
ing shock  platform  (Ref  .\).  This  model  provided  the  Navy  with  a tool  for  the  total  sim- 
ulation of  FSP  tests.  The  model  was  first  employed  to  evaluate  the  shock  vulnerability  of 
submarine-launched  cruise  missile  (SLC.M)  designs,  and  currently  is  being  used  to  qualify 
the  new  Mk  14  arresting  gear  system  in  lieu  of  the  dynamic  design  analysis  method 
(DDAM).  The  worth  of  the  FSP  model  has  been  firmly  established  by  the  Navy,  and  its 
use  will  become  more  universal  as  it  becomes  more  user-oriented. 

This  paper  delineates  the  completion  of  a similar  “total  simulation”  model  of  the 
full-scale  section  #8  (FSS-8)  test  vehicle.  Although  the  model  is  analogous  to  the  FSP 
model  in  intended  usage  and  general  format,  the  dissimilarity  of  the  two  vehicles  and 
their  intended  usage  dictated  important  additions  to  the  modeling  philosophy  and  an  ef- 
ficient utilization  of  computing. 


THE  FSS-8  MATHEMATICAL  MODEL 

The  FSS-8  is  a cylindrical  structure  containing  three  main  chambers;  a central  test 
specimen  installation  space  and  two  adjacent  ballast  tanks,  which  are  flooded  during  test- 
ing. Smaller  trim  tanks  for  achieving  the  desired  stability  are  mounted  to  each  outermost 
end  bulkhead.  The  FSS  is  plated  and  framed  typical  of  submarine  construction. 

With  the  additional  complexities  presented  by  circular  rather  than  planar  shapes, 
the  basic  modeling  technique  was  altered.  Accordingly,  the  FSS  shell  plating  was  mod- 
eled as  a series  of  flat,  rectangular  beam  “slats”  joined  along  their  lengths.  A total  of  36 
“slats”  was  employed.  The  mass  spacing  was  chosen  such  that  masses  were  located  at 
each  transverse  frame,  for  a total  of  612  masses. 

The  internal  stiffening  construction  of  the  ballast  tanks  was  modeled  with  the  .same 
longitudinal  spacing  as  the  .shell  plating  but  with  additional  masses  provided  at  each  of 
the  stiffener  intersections,  for  a total  of  150  masses. 

The  trim  tanks  were  nuKleled  as  simple  ujiright  cylinders  attached  to  the  end  bulk- 
heads of  the  FSS,  for  a total  of  12  mas.ses. 

With  six  degrees-of-freedom  (DOF)  [x-r  mass,  a basic  FSS  model  of  4644  DOF  is 
formed. 
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THE  UNDERWATER  EXPLOSION/HYDRODYNAMIC  MODEL 
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To  provide  the  dynamic  input  necessary  for  the  response  simulation  of  an  P'SS  test, 
a semi-empirical  model  of  an  underwater  explosion  and  the  resulting  hydrodynamic  forces 
was  constructed.  The  model  includes  shock  wave,  local  cavitation,  water  resistance,  and 
gas  globe  phenomena.  In  addition,  the  concept  of  air-backed  and  water-backed  plating 
impingement  occurring  integrally  had  to  be  developed  in  order  to  treat  the  ballast  and 
trim  tank’s  correct  response. 


COMPUTING  OPTIMIZATION 

The  complete  FSS-8/underwater  explosion/hydrodynamic  package  is  a unique  “tai- 
lor-made” mathematical  model.  It  is  written  entirely  in  straightforward  FORTR.\N.  Sav- 
ings are  realized  in  computing  by  an  efficient  finite-difference  integration  method  (Ref. 
B).  For  example,  a “total”  FSS-8  test  simulation  of  the  entire  4644  DOF  structure,  with 
an  integration  time  step  of  .0000247  second,  to  a long-time  simulation  of  50  millise- 
conds, costs  less  than  $200.  on  a Univac  1108  computer  at  existing  commercial  rates. 


CONCLUSIONS 

Comparison  of  the  FSS-8  simulation  output  with  available  test  data  has  shown  good 
agreement.  The  low  computing  costs,  coupled  with  the  ability  of  the  model  to  include 
practically  any  structural  phenomena  for  test  specimen  models,  combine  to  result  in  a 
viable  tool  for  the  Navy  shock  hardening  program. 
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